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APPENDIC A

REFERENC_ SITE DETAILS

Supporting material necessary to evaluate the radiological safety impacts
of decommissioning activities at the reference low-level waste (LLW) site is
presented in thic appendix. The location of the maximum-exposed individual in
relation to the reference site is described in Section A.1. Parametars used
for the calculation of radiation doses from the consumption of foods grown on
a decommissioned site are given in Section A.2. Demographic characteristics
of the reference site are presented in Section A.3. For the calculation of
radiologica! safety impacts, the parameters discussed here are assumed to apply
to both the arid western site and the humid eastern site.

A.1 LOCATION OF MAXIMUM-EXPOSED INDIVIDUAL

To determine use limitations for public use of a deconmissioned burial
site (Section 8 of Vuiume 1), the maximum-exposed individual is assumed to live
and work on the decommissioned <ite. Tc determine public safety impacts of
decommissioning activities (Section 13 of Volume 1), the maximum-exposed indi-
vidual is assumed to reside 1 km from the site, ~here the atmospheric dilution
factor is estimated to be 7.5 x 10°° sec/m® for a ground-level release. This
dilution factor is derived by multiplying the average dilution factor for a
ground-level reiease, taken from Figure A.1-1, by 2.5 to adjust for the maximum
sector. The atmospheric dilution factor for a large population group is calcu-
lated to be 2.4 x 107 sec/m’ for a ground-level rele:se.

A.2 FOOD CONSUMPTION PARAMCTERS

Parameters used to calculate radiation doses from the consumption of
foods grown on a decommissioned si are listed in Table A.2-1. Only that
fraction of the diet grown locally and consumed by the maximum-exposed indi-
vidual is shown in the table. Ffor the arid western site, the irrigation rate
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TABLE A.2-1. Parameters Used for Calculation of Radiation Doses
from Consumption of Foods

Growing
Period Yield Holdup Consumptijo
Food (days) (kg/m?) (days)?a) (kg/year)zb?
Leafy Vegetables 90 1.5 1 30
Other Above-Ground Vegetables 60 0.7 1 30
Potatoes 90 4.0 10 110
Other Root Vegetables 90 5.0 1 72
Berries 60 2.7 1 30
Melons 90 0.8 1 40
Orchard Fruit 90 1.7 10 265
Wheat 90 0.72 10 80
Other Grain 90 1.4 1 8
Eggs 90 0.84(¢) 2 30
Milk 3 1.3 2 27444)
Beef 90  0.84!¢) 15 40
Pork 90  0.84'¢) 15 40
Poultry 90  0.84(¢) 2 18
Fish 1 20
Crustacea 1 10
Molluscs 1 10
Drinking Water 0.5 730(9)

(a)Time between harvest and consumption.

(b)Only that fraction of the diet grown locally, and therefore potentially
contaminated, is listed. Consumption by the maximum-exposed individual
is assumed.

(c)Yield of animal feeds (i.e., grain or pasture grass).

(d)Units of liters/year.

is assumed to be 150 %/m? per month for 8 months out of the year. Because of
the high average rainfall at the eastern site, irrigation is not required.
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A.3 DEMOGRAPHY

Existing LLW burial sites in the United States are all located in rural
areas having relatively low population densities. For this study, in order
to calculate public safety impacts of decommissioning activities, a generic
population distribution is assumed that is common to both the arid western and
humid eastern sites. The population distribution is summarized in Section 7.5
of Volume 1. Details are given in Table A.3-1. The total population within a
circle with an 80-km radius is 3.52 million.

TABLE A.3-1. Population Distribution Around the Generic Sites

Population

FDistange from Density Total Populati?n Cumulative

acilities (km) (persons/km* ) in Annulus\@ Population
0 - 1.6 - 10 10

1.6 - 3.2 87 2 130(P) 2 140(P)
3.2 - 4.8 129 5 230 7 370
4.8 - 6.4 139 7 940 15 300
6.4 - 8.0 160 i1 700 27 000
8.0 - 1€ 146 89 300 116 000
16 - 32 154 375 000 491 000
32 - 48 216 878 000 1 370 000
48 - 64 181 1 030 000 2 400 000
64 - 80 154 1 120 000 3 520 000

(a)it is assumed that 1/16 of the population resides within each of the
16 sectors.
(b)Totals are rounded to three significant figures.
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APPENDIX B

WASTE INVENTORY DETAILS

This appendix presents supporting material for the reference radioactive
waste 1nventory shown in Table 7.3-3 of Volume 1. Waste inventory data for
existing commercial sites are summarized in Section B.1. The bases for the
inventory shown in Table 7.3-3 are discussed in Section B.2. The method used
to calculate the inventory at burial ground closure is described in Section B.3.

B.1 WASTE INVENTORY DATA FOR COMMERCIAL SITES

Data on radioactive waste buried at the six commercial LLW burial grounds
in the United States are shown in Tables B.1-1 and B.1-2. Table B.1-1 shows
annual total radioa~tive waste disposal at the six sites through CY-1976.
Table B.1-2 shows total waste buried at each of the sites as of January 1,
1977. OData for both ta. les are based on Reference 1.

As shown i« Table B.1-2, byproduct and special nuclear material (SNM)
activity concentr~_.ons at the six commercial sites vary by about an order of
magnitude. Ri~hland, Washington, and Morehead, Kentucky, have the highest
reported byproduct activity concentrations and Sheffield, I11inois, has the
lowest reported byproduct activity concentration. Beatty, Nevaca, has the
highest reported SNM activity concentration and Sheffield, I1linois, ana
West Valley, New York, have the lowest reported SNM activity concentrations.
The average specific activity (not corrected for decay) of buried byproduct
material at the six sites is 8.95 Ci/m°.

During 1977 about 72,000 m® of waste was received at the commercial
sites.(z) as shown in Table B.1-3. Most of the increase in waste volume was
accommodated at the Barnwell site because of the closing of the West Vallay
site and the 10 cents per pound excise tax imposed by the State of Kentucky
on wastes to be buried at the Murehead site. No increase in waste volume was
noted at Beatty and only a small increase at Richland. This is probably

because of the relative geographic isolation of the western sites from

B-1



F—-—-— T S S E— e — N ————
1

TABLE B.1-1. Annual National T?tsl Waste Disposal at the Six Commercial Waste
Burial Facilities!'d

Byproduct Haterial(b) Special Nuclear Haterial(c) Source Haterial(d)

Year  Volume m® € C/m q g/m> kg kg/m?
1962 1860 .ol oy le) 319 0.17 296  0.16
1963 6 240 29 618 4.75 43 215 6.93 13264 2.13
1964 13100 165 060  12.60 187 073 14.28 15993 1.22
1965 13 120 91 864 7.00 341 359 26.03 23025  1.75
1966 16190 106 773 6.59 19 751 1.22 39 359 2.43
1967 19370 94 624  4.89 42 170 2.18 30229 1.56
1968 19 640 116 772 5.95 30 172 .54 22459  1.14
1969 21 360 122 200 5.72 47 687 2.23 89 281  4.18
1970 25000 163 811  6.55 69 392 2.78 4) 296  1.65
1971 29 300 792 883  27.06 101 512 3.46 70 983  2.42
1972 37 300 321 449 8.62 153 389 'RY 98 455  2.64
1973 47 040 402 406  8.55 181 607 3.86 114 866  2.44
1974 53 380 568 134  10.64 167 662 3.14 125 432 2.35
1975 57 300 455 751 7.4 143 653 2.50 160 462  2.80
1976 62820 355 789  5.66 148 486 2.36 106 06%  1.69
TOTALS 423 100 3 787 133 8.95 1 677 547 3.96 951 468  2.25

(a)The data in this table are from Reference 1.

(b)Byproduct material (reported in curies) refers to any radioactive material (except
source material and special nuclear material) obtained during the production or use
of source or special nuclear material and includes fission products and other radio~
isotopes.

(c)Special nuclear material (reported in grams) refers to plutonium, 23U, uranium
containing more than the natural ahundance of the isotope 235, or any materva!
artificially enriched with any of the foregoing substances. Special nuclear material
does not include source material.

(d)Source material (reported in kilograms) refers to thorium, natural or depleted
uranium, or any combination thereof. Source material does not include special nuclear
material.

(e)N.A. - Not Available.

B-2



TABLE B.1-2.

Date of [nitial

December 31, 1976

Barnwell,
South Carolina

Operation 1971
Status as of

January 1, 1979 Open
Burial Area (m?) 1 090 000
Buried Waste

Volume (m?) 85 440
Total Byproduct

Activity (Ci) 422 476
Byproduct Specific

Activity (Ci/m?*) 4.9
Total Special

Nuclear Material

(9) 427 407
SNM Concentration

(g/m?) 5.0C
Total Source

Material {kg) 143 015
Source Material

Concentraion

(kg/m?) 1.67

TABLE B.

Beatty,
Hevada

1962

Open

324 000
53 800
132 318

2.46

683 669
12,71

40 813

Morehead,
Kenticky

1965

Closed by
State

1 349 000
134 900
2 139 225

15.86

403 609
2.99

228 673

1.70

Richland,
Washington

1965

Open

405 000
13 500
468 8.4

34.73

57 698
4.27

11 586

0.86

Sheffield,
I11inois

1967

Filled to
Licensed

Capacity

82 000

69 000

46 512

0.67

49 609
0.72

80 908

Radioactive Waste Buried at Commercial Sites as of

wsest Valley, Averages
New York or Totals

1963

Closed by

Site Operator

89 000

66 520 423 200

5771 778 3 787 133
8.69 8.95
55 555 1 677 547
0.84 3.96

446 473 951 468
6.71 2.25

1-3. Comparison of Annual Volumes of Rad oactive H?sse
El

Buried at the Six Commercial Sites, 1974-1977

" Barnwell,  Beatty,
Year South Carolina Nevada

1974 18 019
1975 17 829
1976 28 829
1977 46 564

(a)Data for the years 1974 to 1976 are from Reference 1.

4 103
4 943
3 864
4 742

from Reference 2.
(b)Receipt and burial of wastes suspended on March 11, 1975.
{(c)Only 845 m® of waste was buried at Morehead after the 10¢ per pound excise tax went

into effect on July 1, 1976.

;oreh;ad. Richla;d. S:effield,
_Kentucky Washington Illinois
8 897 14N 12 373
17 109 1 500 14 116
13 783(¢) 2 g 13 480

423 2 380 17 644
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West Valley,
_New York  Totals

53 377 53 377
1 899(®) 57 386
<21 62 823
g 1 753

Data for the year 1977 are



locations where the waste is generated. (As of December 31, 1977, 60 of the
65 licensed commercial nuclear reactors were located in the eastern, south-
eastern and central regions of the nation.)

As of January 1, 1979, the burial grounds at West Valley, New York, and
Morehead, Kentucky, are closed, and the site at Sheffield, Iliinois, is filled
to licensed capacity (see Section 3 of Volume 1). The state of South Carolina
has imposed a ceiling of 2.1 x 10° cubic feet per year (5.95 x 10" cubic meters
per year) on radioactive wastes buried at the Barnwell site. While officials
from South Carolina have stated that this burial limitation will initially be
somewhat flexible to avoid causing hardship to utilities, it is probable that
the tw: western sites will experience significant increases in volumes of waste
bur.ed at these sites.

B.2 REFERENCI. BURIAL GROUND INVENTORY DETAILS

Published information about radionuclide concentrations in buried waste
at commercial LLW burial grounds is limited. A computer study(3) ha: been
made of radioactive shipment records for waste buried at the Morehead, Kentucky,
site. The study provides an estimate cf the radioactivity at the site as of
1974, An estimate of the isotopic composition of radioactive waste buried at

(4) dealing with waste migration

West Valley is contained in an EPA report
problems at the site in northwestern New York State. Because a significant
fraction of the radioactivity ct the West Valley site i1s listed as "mixed fis-
sion products" or "mixed and miscellaneous," the report is of limited use.
Data on the isotopic composition of byproduct material buried in Trench 14

at the Sheffield, I1linois, site have been provided to the NRC(S) by the site

operator.

Because data on radion:clide concentrations in waste buried at commercial
sites are limited, and because significant variations in isotopic concentra-
tions exist between sites tor which data are reported, a generic waste inven-
tory is used in this study. The radionuciide inventory used in this report
(i.e., the inventory shown in Table 7.3-3 of Volume 1) is derived from an
unpublished NRC estimate of the average radionuclide concentrations in com-
mercial radioactive waste. The NRC waste inventory estimate is shown in
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Table B.2-1. A normalization factor, based on 9.0 Ci/m’® for the average
specific activity of byproduct waste, is applied to the NRC data to obtain the
activity concentrations shown in Table 7.3-3 of Volume 1. This byproduct
specific activity normalization factor is derived from inventory data for com-
mercial sites, presented in Table B.1-2.

To obtain the isotopic concentrations shown in Table B.2-1, both fuel-
cycle and non-fuel-cycle wastes are included. Three significant assumptions
are made. First, the waste is assumed to be composed of 60% fuel-cycle waste
and 40% non-fuel-cycle waste.(]) Second, isotopes with half lives less than
50 days, or with only one or two pieces of evidence supporting their presence
at low concentrations in wastes from operating light water reactors (LWR),
are excluded from consideration. Finaily, decay during transport to a shallow-
land burial ground is neglected, and in some cases concentrations are based on
records that neglected decay during storage at the source.

6) Supportive

Fuel-cycle waste comes predominantly from LWR operation.(
fuel-cycle facilities, such as UF; conversion plants, gaseous diffusion plants,
and fuel fabrication plants produce relatively small quantities of waste in
supporting a reference reactor for 1 year, compared to the amounts generated
by the reactor. The reference reactor is an LWR rated at 1000 MWe and is
postulated to operatc at 80% of capacity. It is assumed tha* the LWR genera-
ting system is composed of pressurized water reactors and boiling water

reactors, at a plant ratio of 2:1.

In determining isotopic concentrations for fuel-cycle waste, LWR decommis-
sioning wastes are included by substituting a decommissioning waste radio-
nuclide concentration whenever it exceeds the average concentration for waste
from operating LWRs.

Non-fuel-cycle waste radionuclide concentrations ar. estimated by using
concentration averages from Reference 7. This study pertains exclusively to
institutional waste sources (hospitals, universities, clinics, etc.) ar’
therefore neglects industrial and government laboratory waste sources. How-
ever, the authors of the Reference 7 study estimate that these other non-fuel-
cycle sources are contributing less than 6% of the waste volume currently
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TABLE B.2-1.

Radionuclide Concentrations in Low-Level
Waste for Use in Estimating Total Burial
Site Inventories (unpublished estimate

made by the NRC)

Average Activit

i

Isotope in Waste (Ci/m? Source of Waste
I 1.2 x 10-! Non-fuel Cycle
14 3.8 x 1073 Non-fuel Cycle
35g 8.6 x 107 Non-fuel Cycle
Sicre 4.3 x 107! LWR Operations
54Mn 2.5 x 10-! LWR Operations
“SFe 4.3 x 107! LWR Operations
58Co 4.3 x 107! LWR Operations
60Co 1.2 x 100 LWR Decommissioning
S9N{ 1.3 x 10-? LWR Decommissioning
53N{ 2.4 x 100 LWR Decommissioning
65Zn 2.0 x 10-2 LWR Operations
905y 4.8 x 10-3 LWR Operations
4N 1.4 x 10-% LWR Decommissioning
952r 2.0 x 10-? LWR Cperations
997¢ 3.2 x 10-° LWR Operations
10FRy 2.0 x 10-? LWR Operations
124gh 5.0 x 10-? ILWR Operations
125¢h 5.0 x 1073 LWR Operatinns
125] 1.5 x 10-3 Non-fuel Cycle
1291 6.4 x 10-% LWR Operatizas
134¢s 4.8 x 10! LWR Operations
135Cs 3.2 x 10~5 LWR Operations
137¢Cs .6 x 107! LWR Operations
L | 2.0 x 10°2 LWR Operations
152Ey 4.8 x 10°° LWR Operations
156gy 4.8 x 10°% LWR Operations
1S5€y 1.8 x 107" LWR Operations
?25Ra 1.2 x 104 Burial Ground Records
230Th 7.1 x 10°° Burial Ground Records
232Th 8.4 x 10°° Burial Ground Records
235y 3.2 x 10-5 Burial Ground Records
238y 7.1 x 10°% Burial Ground Records
237Np 4.6 x 10°° LWR Operations
238py 3.2 x 107" LWR Operations
23%y 4.3 x 10-° LWR Operations
240py 6.7 x 10-5 LWR Operations
241py 1.6 x 10°2 LWR Operations
2k2py 2.4 x 10°7 LWR Operations
241 pm 3.0 x 10-5 LWR Operations
242 Am 1.6 x 10~ LWR Operations
243am 2.1 x 10°€¢ LWR Operations
242Cm 2.5 x 10°3 LWR Operations
2%3Cm 6.0 x 10~7 LWR Operations
244Cm 1.9 x 10°% LWR Operations



going to commercial burial sites. A comprehensive study of radionuclide con-
centrations in industrial and government laboratory low-level waste has not
been published.

In addition to the consideration of individual types of low-level waste
generators, the coricentrations of 22®°Ra and a few isotopes associated with
source material are estimated from records at shallow-land burial sites. It
should be noted that many shipments of source material and 226Ra are from
industrial and government laboratory sources, thus their influence, while not
specifically identified, is directly affecting these concentration estimates.

Because of the national policy deferring the reprocessing of power reactor
fuel, wastes generated from reprocessing and plutonium fuel fabrication are
not considered in the estimates. Uranium mines and mills are also not included
since radioactive wastes from these operations are normally disposed of near
the facilities themselves and not at comiercial burial grounds.

The contribution of various isotopes to the total byproduct activity is
shown in Table B.2-2 for the generic waste inventory used in this study and
for waste inventories reported for three commercial sites. Large variations
exist in the isotopic concentrations of the waste buried at the different com-
mercial sites. The percentage of ©3Ni activity is much higher for the generic
inventory than it is for commercial burial ground inventories. Nickel-63 is
postulated to be a constituent of LWR decommissioning waste. Reactor decom-
missioning waste is not buried at the commercial sites for which data are
given in Table B.2-2.

B.3 CALCULATION OF WASTE INVENTORY AT SITE CLOSURE

This section describes methods for calculating the radioactive waste
inventory of the reference burial ground at the time of site clesure.

Table 7.3-3 of Volume 1 shows both the undecayed inventory for a single
trench (i.e., the radioactivity in the waste at the time the waste is buried)
and the total radioactive inventory at the time of site closure. The site is
assumed to contain 180 identical trenches, with six trenches being filled
during each of the 30 years of burial ground cperation. The radicactive
inventory at the time of site closure is calculated on the basis that there
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TABLE B.2-2.

at Commercial LLW Burial Grounds

Percent of Byproduct Activity

Comparison of the Isotopic Composition of the
Generic Waste Inventory with Waste Inventories |

Half Life Generi? Nbrehea?. ‘Sheffield West Va11?y
Isotope (years) Inventory(2)  Kentucky(B) I11inois(c]  New vork(d)
IH 1.2 x 10! 1.8 9.0 0.64 31.4
lag 5.7 x 10° 0.056 3.6 0.82 0.13
IH ¢ ibC 15.4
22Na 2.6 x 10° 0.004
358 2.4 x 107! 0.013
Sicr 7.6 x 10°¢ 6.3 1.5
S4Mn 8.3 x 10-! 3.7 4.4
S5fe 2.6 x 10° 6.3 0.02
59fe 1.2 x 10~} 0.67
57Co 7.4 x 10} 0.11
58Co 2.0 x 10°! 6.3 3.4
60Co 5.3 x 100 19.1 14.8 32.2 22.6
SoN§ 8.0 x 10% 0.19 rie)
£3N4 9.2 x 10! 35,2 0.0002
652n 6.7 x 10~} 0.29 0.97
86 Rb 5.1 x 10-2 10.8
30§y 2.8 x 10! 0.07 1.1 0.70 4.6
YN 2.0 x 10 0.002
957y 1.8 x 10-} 0.29 0.39
397¢ 2.1 x 10° 0.0005 0.001 0.24
106Ry 1.0 x 10° 0.29 0.05
124gp 1.6 x 10-! 0.073 1.6
1256h 2.7 x 10° 0.073 0.16
125] 1.6 x 10~! 0.022 1.5 0.07
1291 1.7 x 107 0.0001 TR(®) 0.07
1311 2.2 x 10-2 3.2
134Cs 2.0 x 10° 7.0 TR(®) 4.9
135¢g 3.0 x 10¢ 0.0005 Tr(e)
137Cs 3.0 x 10! 12.6 3.5 31.2 0.01
IskCe 7.8 x 10! 0.29
14 7py 2.6 x 10° 0,
152Fy 1.3 x 10! 0.0007 rie
154y 1.6 x 10! 0.007 2.2
155gy 1.8 x 10° 0.007
207g4 3.0 x 10! 64.8
210pp 2.0 x 10! 0.001
210pg 3.8 x 107! 0.75
226R, 1.6 x 10° 0.0018 0.69 0.001
Mep(f) 6.2
Misc. 19.5

From Reference 3.

(a;Fro- Table B.2-1.

b
gc From Reference 5.
d)From Reference 4.
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(e)Trace (<0.001%).
(f)Mixed Fission Products.



is no migration of radioactivity away from the trenches and that changes in
inventory come about solely as a result of filling the trenches and subsequent
radioactive decay.

For most radioisotopes in the waste inventory, a decrease in activity
with time comes as a result of simple decay to a stable daughter nuclide.
Section B.3.1 describes the calculation of radioactivity at site closure for
these isotopes.

For a few isotopes (notably ““!Am and “3®Pu), the activity during burial
both increases as a result of isotope buildup from the radioactive decay of a
relatively short-lived precurser and decreases as a result of decay. A calcu-
lation of the radioactivity at site closure must take account of the buildup
in activity that results from precursor decay. This case is described in
Section B.3.2.

In a few cases (notably ?°Sr, '9%Ru, '““Ce, and “?“Ra), a long-lived
parent decays to a very short-lived daughter. For these isctopes, the daughter
isotope is also included in Table 7.3-3, and the activity of the daughte; at
site closure is approximated as being equal to that of the parent.

B.3.1 Radioactive Decay

The activity of a radioactive sample at time t is related to the initial
activity of the same sample by the equation:

A (t) =A_ e nt (B.1)

where:

An (t) is the activity of the sample, in curies, at time t,
Ano is the initial activity of the sample,
t is the time measured in years,
An is the decay constant measured in years !,

and the subscript n is used to designate a particular species of radionuclide.



For this study, let Ano be the initial activity of the n'th isotope in
the waste buried in one trench. Since six trenches are assumed to be filled
per year for each of 30 years, the total activity of this isotope present in
the burial ground at the time of site closure can be approximated by:

. -3t
A, = 6A Zte n

where t takes successively the values of 0.5 yr, 1.5 yr, ..., 28.5 yr,
29.5 yr.

B.3.2 Growth of Radioactive Daughters

The following analysis applies to cases where a radioactive nuclide (the
parent nuclide) decay- to another radioactive nuclide (the daughter nuclide),
which in turn decays to a stable end product. The analysis is used, for
example, to determine the ““!Am activity present in the waste at site closure
where this activity results both from the burial of waste containing ““!Am
and from the presence in the waste of ““!Pu that decays to ““!Am. 1. also
applies to the growth of “3®Pu from the decay of ““?Cm and to several other
radioactive parent-daughter chains in the waste inventory.

The parent-daughter system is described by the differential equations:

(=%
=
—

dat = -\ N (B.3)
S T TR P (B.4)

The subscript 1 refers to the parent nuclide, the subscript 2 refers to the
daughter nuclide, N is the number of radicactive nuclei in the waste sample,
and » is the decay constant.

Equations B.3 and B.4 can be integrated(s) to give:
Ny (t) = Nyg et (8.5)
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N, (t) =

;) I\'i’N]Q (e”"1" - e'bt) + Nop e')‘7t (B.6)
2"

where N,, and N,, represent the number of parent and daughter nuclei present
in the waste sample at time t = 0.

From equation B.6, the daughter nuclide activity in a single trench at
time t, measured in curies, is given by

A (t) = 7:%%7 A el AR aheky A e~A2t (8.7)

where A,, is the initial radioactivity, in curies, of the parent nuclide and
A;, is the initial radioactivity, in curies, of the daughter nuclide in a
single trench when the waste is buried.

The total radioactivity of the daughter isotope present in the burial
ground at the time of site closure can be approximated by:

A2 -At =it -Ast
A2=6-A-2:—_-)—1—A,02t (e71% - e™'2%) + 6 Ayg o, € (B.8)

where t takes successively the values of 0.5 yr, 1.5 yr, 2.5 yr, ..., 8.5 yr,
29.5 yr.
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APPENDIX C

RADIATION DOSE METHODOLOGY

Results of radiation dose calculations are presented in Sections 8 and 13
of this report. The calculated doses are used in the analysis of release
conditions for the reference low-level waste (LLW) burial grounds, and o esti-
mate the safety impacts of decommissioning operations. This appendix contains
details of the assumptions, models, and parameter values used to support the
dose calculations.

Definitions and terminology are given in Section C.1. Assumptions, models,
and parameter values used to determine radionuclide source terms from air and
water pathways are described in Section C.2. Models that use these source
terms and estimate radiation dose to people are described in Section C.3. The
methodology for calculating the maximum annual radiation Anse received by a
maximum-exposed individual is described in Section C.¢ culated maximum
annual radiation doses at the reference eastern and western sites are presented
in Section C.5.

C.1 DEFINITIONS AND TERMINOLOGY

The following definitions and terminology apply for the airborne and water-
borne release of radionuclides:

Chronic Release

A chronic re¢ lease occurs over a long time span (e.g., months to years).

Acute Release

An a~ute release is ot short duration. Accident analyses summarized in
Secticn 13 are based on acute releases. The meteorological model used for
these analyses assumes that an acute release is of less than 8 hours duration.

Organs of Reference

These include th~ total body, thyroid glands, lungs, bone, and the lower
large intestine (LLI) of the Gl-tract. These are the internal organs of the human



body for which radiatic ., doses a.e calculated. The total Lody is the iead and
trunk of the human body, including active blood-for ing organs, lens of eyes,
and gonads.

Exposure Pathways

The potential routes by which people may be exposed to radionuclides
or radiation are called exposure pathways. Exposure pathways considered in
this study are inhalation of radioactive particulates, external exposure from
the waste, and ingestion of food products, drinking water, and aquatic animals
containing radionuclides.

Maximum-Exposed Individual

This individual receives the mcximum radiation dose to an organ of refer-
ence. The maximum-exposed individual is assumed to r2side at the location
where the highest radiation exposure is received. Maximized exposure pa. way
parameters are used.

Collective Dose

The collective dose is the summation of radiation dose rquivalents received
by all individuals in the population of concern. It is calculated by multiplying
the dose to the average individual by the population distribution discussed in
Appendix A. Average parameter values are used for the exposure pathways.

First-Year Dose

This radiation dose equivalent is accumulated during the year of the
release period.

50-Year Committed Dose Equivalant

This is the first-year dose cquivalent plus the dose accumulated for the
next 49 years from the radionuclides that are deposited within the human
body during the year of the release period.

Annual Dose

This is the radiation dose equivalent calculated during any year for

continuous exposure. It is the sum of the doses received by the total body
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or an organ of reference during the year of interest from all pathways, including
the doses resulting in that year from intake of radionuclides during previous
years.

Maximum Annual Dose

The maximum annual dose is the largest of the n annual doses calculated
to occur during an n-year exposure period following the start of continuous
exposure. The maximum annual dose is further defined in Section C.4. To
determine disposition criteria for a deconmissioned facility, the ma x imum
annual dose to each organ of reference is compared separately with an assumed
ennual dose limit.

Class W and Y Material

These consist of radionuclides that are slowly removed from the pulmonary
region of the lungs, either by gradual dissolution in extracellular fluids or
in particulate form by translocation to the GI-tract, blood, or lymphatic
system. Class W represents material with maximum clearance half-times in the
lungs from a few days to a few months, and Class Y is used to describe material
with maximum clearance half-times ranging from 6 months to several years.(])

Class D Material

Radionuclides in this class are dissolved upon contact with extracellular
fluids and translocated to the blood. Class D material is expected to exhibit

(1)

maximum clearance half-times of less than 1 day.

These definitions apply for all dose calculations performed for and
reported in this study. Table C.1-1 gives the solubility class assumed for
each element considered in this study.

C.2 RADIONUCLIDE TRANSPORT AND DISPERSION

The models used to estimate local atmospheric concentrations from resus-
pension and to estimate 1iquid releases into a neaby river from groundwater
migration and overland flow are described in this section. Surface erosion
must occur to expose the waste before resuspension becomes important. The
equations used to predict surface erosion are described first.
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TABLE C.1-1. Solubility Class Assump?i?ns
for the Waste Inventory!@

Solubility Class

Element (A11_Other Organs/Lungs and GI-LLI) Reference
Tritium D remtt)
Carbon D TGLM
Chromium Wy TGLM
Manganese D/W NUREG/CR-0150(2)
Iron W/Y NUREG/CR-0150
Cobalt W/Y NUREG/CR-0150
Nickel W TGLM
Zinc W/Y TGLM
Strontium D/Y NUREG/CR-0150
Zirconium W/ Y NUREG/CR-0150
Technetium D/W NUREG/CR-0750
Ruthenium Y NUREG/CR-0150
1zdine D NUREG/CR-0150
Cesium D NUREG/CR-0150
Cerium W/Y TGLM
Radium - TGLM
Thorium W/Y TGLM
Uranium W/Y TGLM
Neptunium v EPA-520/8-77-016"3)
Plutonium Y EPA-520/4-77-016
Americium W Assumed
Curium Y EPA-520/4-77-016

(a)For use in the Task Group Lung Model inhalation calculations.

C.2.1 Surface Erosion

Two geologic processes for surface erosion are considered in this study:
water and wind. Both result in a decrease in the overburden and eventual
surface exposure of the buried waste.

The annual soil loss due to water erosion can be predicted using the
universal soil loss equation.(4'6)

A=RKLSCP (C.1)



where:
A e estimated so 1 loss, tons/acre/yr

R e rainfall factor; a measure of the erosivity of
annual rainfall, tons/acre/yr

K e soil-erodibility factor; a measure of the
erosion susceptibility of a particular
soil type (dimensionless)

LS e topographic factor representing the combined
effects of slope, length, and steepness
(dimensionless)

C e cover an¢ management factor (dimensionless)
P e supporting practices factor (dimensionless).

Water erosion is not considered to be a significant soi’ removal mechanism
for the western site. In an arid region, soil loss from water erosion is
negligible compared to soil loss from wind erosion, assuming runoff from thaw

and snowmelt is sma]l.(s)

The va' es of the factors most representative of the eastern site are
presented in fable C.2-1. Using the values given in Table C.2-1, the estimated
annual soil loss at the eastern site from water erosion is calculated to be
52 tons/acre. Assuming a soil density of 1490 kg/m?, the erosion rate of the
overburden is estimated to be 8 mm/yr. Over the long term (200 years), erosion
effects of individual rainstorms are expected to be small compared to the soil
loss calculated using Equation C.1.

Potential annual soil loss from wind erosion that could occur from a

(7)

given agricultural field is expressed as:
E= £ (1', k', C'5 L', V) (C.2)

where:

E e amount of erosion, tons/acre/yr
I' @ soil erodibility index, tons/acre/yr
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TABLE C.2-1. Parameter Values Used in Estimating
Water Erosion for the Eastern Site

Parameter Assumed Value

R(4) 175 tons/acre/yr

K(a) 0.3 (can be obtained from
References 4 and 5.)

Ls(4) 2.0 (5% grade, >1000 ft.
length)

P(s) 1.0 (no supporting practices)

C(s) 0.5 (corn and soybeans)

(a)Inquiry, U.S. Department of Agri-
culture, Soil Conservation Service,
Chicago River Basin Station.

k' ® soil ridge roughness factor (dimensionless)

C' e climatic factor, percent

L' e field length along the prevailing wind erosion direction, ft
V e equivalent quantity of vegetative cover, 1b/acre.

Values of these parameters and tables to evaluate Equation C.2 are given
in Reference 7. The values assumed for this study are listed in Table C.2-2
for the two sites. It is assumed that 100% of the particles have diameters
Tess than 0.8 mm.

TABLE C.2-2. Parameter Values Assumed for Estimating Wind Erosion

Assumed Value

Parameter Eastern Site Western Site Reference
}’ 310 tons/acre/yr 310 tons/acre/yr Table 3 of Reference 7.
k' 0.6 0.6 Soil ridge roughness of 1 inch from
Figure 7 of Reference 7.
£ 7.5% 567 Value for eastern site from Figures

11-22 of Reference 7. Value for
western site calculated using
Equation 1 on page 605 of Reference 8.

L' >3 000 ft >3 000 ft Assumed from site dimensions

3 000 1b/acre 3 000 1b/acre Figures 8, 9, and 10 of Reference 7,
assuming a crop yield of ~1 kg/m-.
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The annual soil losses from wind erosion predicted for the western and
eastern sites are 40 tons/acre and 3 tons/acre, respectively. The value for
the western site includes the contribution from the frequent dust storms.
These soil losses correspond to erosion rates of 6 mm/yr and 0.5 mm/yr for
the western and eastern sites, assuming a soil density of 1490 kg/m’.

The total surface erosion rates from both water and wind are calculated
to be 6 mm/yr for the western site and 8.5 mm/yr for the eastern site. For
this study, because of the approximate nature of these values, an average
erosion rate of 7 mm/yr is assumed for both sites. This erosion rate is
used to predict the removal of overburden by geomorphological processes. The
estimated time for removal of 3 m of overburden is about 400 years.

C.2.2 Mass-Loading

A simple method of predicting the average local concentration of resus-
pended radioactive material is the mass-loading approach. This method uses the
product of the surface soil radionuclide concentration and the average mass
loading of the atmosphere. In the absence of data for a particular site, a
value of 1 x 107" g/m? has been suggested for predictive purposes.(3’9’]0)
This value is used in this report for the annual average mass-loading factor.
Annual arithmetic averages around the United States vary from 9 x 107° to
7.9 x 107° g/m3.(9)

The mass-loading factor for the breathing zone of individuals producing
(1)
m3.

This is a factor of 100 times the annual average mass-loading factor and is
(12-14)

resuspension by mechanical disturbance is assumed to be 1 x 107¢ g/

in agreement with other reported values used for similar situations.
Ten percent of the resuspended particles are assumed to be of respirable size,
with diameters less than 10 ym. Although this mass-loading factor is not

a maximum value, it is considered to be reasonably conservative for the
excavation scenario devised. The exposure time for higher mass-loading factors
is expected to be less than the 2,000 hours assumed for our scenario, which
would probably result in a similar intake.



C.2.3 Air Concentration from Resuspension

The annual average local air concentration, y, from resuspension (in
pCi/m?) is calculated with equation C.3.

Xy " Csi ML/o (C.3)
where:

Csi e the concentration of radionuclide i in the soil

that is available for resuspension, pCi/m’
ML e Mass-loading factor, g/m’

P e so0il density, g/m*; for wind resuspension of th>
topsoil, a soil density of 1.49 g/cm?® is used
(“surface density" of 224 kg/m? divided by a 15 cm
plow depth).(]s)
density of 1.7 g/cm® is given in Section 7 of
Volume 1.

For excavation, a bulk soil

The soil concentration. C for the wind erosion calculation includes radio-

i
nuclides from irrigation ;éposits and any radioactive waste present in the top
0.15 m of soil. This contamination 1s assumed to be uniformly mixed in the top
0.15 m of soil. For excavation, the concentration of radioactive waste in the
soil down to a depth of 3.5 m is used for Csi' The soil concentration contri-

bution from the buried radioactive waste is caiculated with Equation C.4.

Coy = F Ol * Cof (C.4)

where:

3 e the fraction of the radioactive waste concentration in the
waste trench that is estimated to be in the volume of soil
under consideration (dimensionless)

ti e the concentration of radionuclide i in the waste trenches,

pCi/m?; given in Table 8.2-1 for the time of site closure
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C e radionuclide concentiation in the soil caused by overland

of
flow, pCi/m?; cal.ulated in Section C.2.4.

The f parameter changes with time due to erosion of the overburden. The
fraction of the buried radioactive waste in the top 0.15 m of soil, f,, is
calculated by Equation C.5.

f, = hww/(IS x 18) (C.5)
where:
b e the height uf the waste layer in the top 15 cm of soil, cm
e the average width of the pc-tion of the waste trench in
the top 15 c¢cm of soil, m
15 e the plow layer, cm

18 e width of the waste trench plus the separation distance
between trenches, m.

The height of the w.aste layer, hw' is determined using the erosion rate calcu-
lated in Section C.2.1.

The fraction of waste in the excavated soil (top 3.5 m), f,, is calculated
using Equation C.6.

£, = DfW + w)/ss (C.6)
\ &

where:

D e the hei nt of the waste contained in the top 3.5 m
of soil, m

w e width of the top of the waste trench, m

W' ® width of the bottom of the waste trench contained
in the top 3.5 m of soil, m

63 e width of the waste trench plus the separation dis-
tance between trenches multiplied by 3.5 m, m“.
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C.2.4 Percolation, Groundwater Migration, and Overland Flow

This section presents the models, assumptions, and data used in estimating
the transport of radionuclides away from the burial ground by water. The
geometiies assumed for the two sites (eastern and western) are presented in
Section 7 of Volume 1, Figures 7.2-1, 7.4-1, and 7.4-4,

The site characteristics necessary to simulate groundwater migration
and overland flow are soil composition, permeability, porosity, sorptive (ion
exchange) properties, groundwater velocity, distance to surface water, size
and shape of area, evapotranspiration rate, and precipitation. The site
characteristics assumed for the western and eastern sites are given in
Tables 7.4-1 and 7.4-3 respectively. The burial ground is assumed to be
located above the water table, up groundwater gradient from a flowing surface
stream. The radionucliuc concentrations in the aquifer below the burial ground
are estimated, and tiie discharge rates of radionuclides into the surface stream
are determined for two cases. The rfirst case is the discharge rate for radio-
nuclides that leach from the waste to the water table and then migrate via the
aquifer to the surface stream. The second ca.e is the transport of radionuclides
out of the waste trenches to the surface and then to the surface stream via
overland flow. The water transport of radionuclides away from the burial ground
depends on the total inventory buried, not on the radionuclide concentration
in the waste trenches. The total waste inventory used for these calculations
is given in Table 8.4-1, Section 8.

The modei used for these simulations is the MMT (Multicomponent Mass
Transport) model originally developed by Anlstrom, et al.(]G) Ahlstrom derived
the MMT model from a heat transport model developed by Eliason and Foote.(]7)

The model a sumes a constant groundwater velocity and a constant dispersion
coefficient. It accounts for a linear adsorption isopleth with a slope described

by the empiricat distribution coefficient, Kd‘ and for the effect of decay of
parent radionuclides to their daughters (decay chains). The empirical distri-

bution coefficient is defined as the quantity of adsorbed material per mass of
soil divided by the quantity of dissolved material per volume of water.
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Because of the great difficulty of direct field measurement of Kd’ values
determined by laboratory measurement are normally used in calculations of
water transport of radionuclides. However, the validity of applying laboratory
values to field situations ‘s often questionable. Measured values of the
distribution coefficient are strongly dependent on the prvsical and chemical
conditions of measurement. Among other variables, mineralogy, particle size,
nature of solution, and chemical nature of radioactive species are important.
In the absence of site-specific field data, conservative values based on

laboratory measurements are recommended for use in transport calculations.(]e)

Tre Kd values assumed for the eastern and western sites are listed in
Table C.2-3 for each element of the reference waste inventory. Values are
based on published data for Hanford and Sheffield whenever possible. Distri-
bution coefficients from other studies are listed in the table for comparison.

€.2.4.1 Assumptions and Basic Data for the Eastern Site

The first step in simulating groundwater migration is to calculate the
groundwater velocity for both the unsaturated zone above the water table and
the saturated zone below the water table. The pore velocities are calculated
using Darcy's Law:

q=k_ (gq) (C.7)
e dx
where:
q e the Darcy velocity, length per unit time
k e the hydraulic conductivity, length per unit time
e effective porosity, dimensionless
gﬂ e the hydraulic gradient, dimensionless.
X

For the unsaturated zone the gradient is assumed to be one. At the
eastern site, the unsaturated zone has a water content near saturaiion. To
be conservative, the hydraulic conductivity is assumed to be equal to the

savurated hydraulic conductivity given in Table 7.4-3. The velocity is
calculated for the saturated zone from the average gradient and saturated



TABLE C.2-3. Distribution Coefficients

Ky (1/kg)
Values Fssu?? for L
This Study(a) Values Used in Other Studies
| : () ‘ smaﬁﬂ
Cihn . E;:::m annco™  wade) J:‘ns?d) 2;::(:?‘ or Lgmco:c:id Sits sand  Clag.

vk Y € ay
H 0 0 0 0 0 0 0
C g 0 2
Cr 10 50 10 100
Mn 100 200 10 100
Fe 100 200 150 150 1 500
Co 2 000 350 lgg; 700-800 78 1 000 2 500 100 1 000
Ni 70 70 80 100 1 000
In 50 50
Sr 20 10 £-38 74; 3.4-6 20 10 50 2 20
Ir 500 500 2 000
Te V] 0 <<} ] G.1 1
Ru 400 30 26-750
I 0 0 0 5 25 0.1 1
Cs 100 40 12-200 3’9235 27-50 200 1 000 2 500 20 200
Ce 200 200
Ra 100 80 J22- 2 000- 100

367 4 200
Th 1 00C 1 000 15 000
) 20 30 LS | 3 000
Np 10 15 15 70 700
Pu 200 200 200 2 000 1 000 2 500 200 2 000
Am 1 200 500 i 200 2 000 1 000 2 500 70 700
Cm 500 500 600 1 000 2 500 70 700

(a)Based on reported values for Hanford, sashington, and Sheffield, I1linois, whenever data are
available.

(bJR. C. Arnett, D. J. Brown and R. G. Baca, Hanford Groundwater Transport Estimates for H thetical
Radioactive Waste Incidents, ARH-LD-i62, Atlantic Richfield Hanford gompany. RichTand, EE..

( )gu”: i ] Radi i po Add 1

c)Sheffield, Low-Leve]l Radioactive Waste Disposal Site - Report of itional Investigations
Wﬁﬂur Engineering Company, Inc. Louisvi”e. Kentucky ,
Revis y B, 5 stribution coefficients for sands.)

(d)Sheffield, [111nois Low-Level Radicactive Waste Disposal Site - Responses to © estions, Nuclear
Engineering Company, Inc., Washington. OC, sz 29, g§7§. lﬁistr%Fsr n coe” ‘cients for loess,
tiil, and shale.)

(e)A. E. Aikens, Jr., R. E. Berlin, J. C'ancy and 0. I. Oztunali, Generic Methodo! for Assessment
f iation Doses from Groundwater M gration of Radionuclides in LWR Wastes in a'i"on Land Burial

es, -013, Prepared by Dames and Moore for Atomic Industrial Forum, Inc., January
15;% {Estimated values for a typica’ desert soil.)

(f)G. W. Leddicotte and W. A. Rodger, "Suggested Quantity and Concentration Limits to be Applied to
Key Isotopes in Shallow Land Burial,” in M. W. Carter, et al., Management of Low-Level Radioactive
Waste, Vol. 2, New York, Pergamon Press. 1979.

(9)G. B. Staley, G. P. Turi and D. '.. Schreiber, “Radionuclide Migration rom Low-Leve] Waste:

A Generic Overview,” in M. W. Carter, et 21., Mana t of Low Level Radioactive Waste, vol. 2,
New York, Pergamon Press, 1979. (Distribution coefficients for sand were selected to be near the
Tow end of the range of values reported in NUREG-0140. Ky valui« were increased by a factor of
10 for silt, clay, loess, and till.)
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hydraulic conductivity given for the site. lsing the distance from the waste
trenches to the water table (10 m) and the distance from the burial ground to
the surface stream (1 km), a water travel time to the surface stream through
the aquifer is calculated to be about 270 years. The dispersion coefficient
used is 3.5 m?/yr, which was arrived at from comparisons of model predictions

with environmental measurements.(]ﬁ)

Leach rates are influenced by many factors. These include the character-
istics of the radionuclide and of the waste material, the properties of the
leachant, frequency of leachant changing, leaching time, and temperature.
Specific field data on the leachability of radionuclides from waste buried
in LLW burial grounds are not available. Published leach rate data come mainly
from laboratory experiments in which small samples are leached by distilled
“water or by ac.ual or simulated disposal-environment water. Laboratory leach
rate data are summarized in a recent Brookhaven National Laboratory report.(lg)
Reference 19 reports leach rates for cement monoliths that range from 107" to
107? g/cm?-day.

Because leach rates are not well known, only two leach times are used in
this study to predict radionuclide release from the buried waste. A leach
time of 1000 years is assumed for reactor decommissioning waste (i.e., for
60Co, 5INi, and ®3Ni in sicuctural material) and a leach time of 100 years is
assumed for leaching of radionuclides from all other waste forms. These values
are mid-points of ranges assumed in Reference 18 for decommissioning wastes
and reactor wastes. These leach times are considered conservative, although
research is needed to develop a quantitative understanding of leaching of
radioactive waste.

Overland flow is modeled assuming the burial ground is inundated by a
water table that intersects the soil surface at the burial ground. This is
necessary because the unsaturated zone existing at the site is close to
saturation and thus the prevailing driving force for movement of the water
is gravity. Therefore, movement of the radionuclides to the surface would be
extremely unlikely without this assumption.
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To use MMT for the overland flow case, one more assumption is necessary.
Two cases can be envisioned: one where the water table essentially takes
the shape of the ground surface; the second where all the water flowing through
the burial ground arrives at the surface and forms a small stream. The second
case is the more conservative and provides the basis for the overland flow
model in this study. Thus, it is assumed that all the water flowing through
the burial ground arrives at the surface and flows overland in a small stream
to the river 1 km distant. Sorption is assumed to be insignificant during over-
land flow. This is equivalent to assuming that the sediment load in the
stream that flows along the ground is small and that no significant sorption
occurs on the ground surface. Since no significant sorption is assumed to
occur, it is far too conservative to assume leach times from the waste forms
of 100 or 1000 years. Preliminary data from the Waste Isolation Safety

Assessment Program(zo) indicate that leach times are probably on the order of
10,000 years. Therefore, this more realistic leach time is used for the

overland flow case.

The groundwater results from the MMT model are in terms of concentration
(uCi/me) versus time, and concentration versus distance 100 years after site
closure to obtain a maximum concentration in the ground water. Examples are
shown in Figures C.2-1 through C.2-4 for a radionuclide with a Kd value of 0,
99T¢, and for a radionuclide with a Kd value of 1,000, ?32Th. The first
two curves show maximum concentration in the ground water versus distance, which
is used for calculating the potential concentration in the well water. The
next two curves give the predicted groundwater concentrations versus time
at the surface stream located 1 km from the burial ground. These concentrations
are multiplied by the groundwater flow, calculated to be 8.5 x 10° 2/yr for
an assumed groundwater velocity of 3.7 m/yr and cross section of 2.3 x 10% m¢
for the affected aquifer, to arrive at the radionuclide release rates into
the surface stream. The overland flow results are given in Ci/yr released
to the surface stream. An example is shown in Figure C.2-5 for !“C. The
estimated radionuclide concentrations in the well water, and the estimated
radionuclide release rates into the surface stream by groundwater migration
and overland flow, are given in Tables C.2-4 and C.2-5 for each radionuclide
of the waste inventory. Uniform and complete mixing from a point source are
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TABLE C.2-4. Predicted Radionuclide Concentrations in the
We  Water Beneath the Eastern Burial Site

Years After Site Closure That Radionuclide Concentration in Well
Radionuclide Contamination of Well Water 100 Years After Site
Radionuc!ide _Water Persists (yr) o Closure (pCize)lasd)

M 2e+21¢) 1.26+3
18¢ 2642 1.76+6

Sigr 0.0

S4Mn 0.0

“5Fe 0.0

8Co 0.0

53ce 0.0
SN BE+4 2.4E+4
LN 1£+43 2.2E46

tSZ“ 0.0
W 3E+2 5.4E+0

bt 4 0.0
7e 2E42 1.4E+4

10% Ry 0.0

12%5h 0.0

\25Sb 0.0
129] 2E+2 1.9E+1

134%Cs 0.0
135¢g 5(+4 1,1E+43
137Cs 3E+3 Z2.7E45

| 144Ce 0.0
! *0h 2844 1. 7E42
| 2301h 5EWS 9.0€+0
i 2121p 3 1.1€+0
| 23y 4E+4 6.1E-2
| a5y 4+ 1.5E42
| 218y ) 2.9€43
» 23 74p 2644 5.1E-1
*{ 230py 1£+3 9.8E41
| 239y 2E+5 2,76+
| 240y 7E+4 4.0E+1
| 241py 2642 1 0E+2
| 2nipy 2642 1.50=)
| 2 Am 5E43 1,042
! 243 Am BE+4 5.1E-)

| 2u2em 0.0
‘| v ] 2E+2 1.0E+0

{a)Calculated on the assumption that leaching to ground water begins imnmediately
after site closure.
(b)Source terms for dose calculatiuos at any time after site closure are obtained

by applying the appropriate radioac:ive decay factor.
{c)Notation: 2E+2 is equivalent to 2 x lu

3 Cc-18
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TABLE C.2-5.

Predicted Radionuclide Release Rates to the
Surface Water Stream from Groundwater Migration

and Overland Flow at the Eastern Site

Release to Surface Water
From Groundwater Migration

Overland Flow Results
in the First Year After Site Closure

me Per nce
Site Closure (yr)

Release to Surface

Ground

Radionuclide pCi/yr water (pCi/yr) Contamination (pCi/m?)
W 342 to SE+2 1.56412(2) 116413 1.6647
1s¢ 3E+2 to S5E+2 5.9E+13 7.6E411 1.1E+6
sicr 0.0(®) 0.0 0.0
5 4Mn 0.0 1.9E+12 2.7E+6
5Fe 0.0 1.0E+1: 1.4E+7
S8Co 0.0 5.1E+11 7.3E+5
€09Co 0.0 6.2E+413 8.8E+7
S9N{ 8E+4 to 1.2E+5 6.6E+11 2.56+12 3.6E+6
63N 0.0 4.3E+14 6.1E+8
852n 0.0 1.2E+11 1.7E+5
508y 0.0 9.3E+11 1.3E+6
Blr 0.0 2.0E+10 2.9E+4
997¢ JE+2 to SE+2 5.8E+11 6.5E+9 9.3E43
106Ry 0.0 3.8E41) 5.5E+5
17 % 0.0 3.8E+9 5.5€43
1255h 0.0 1.3E+11 1.9E+5
1291 3E+2 to SE+2 1.2E+11 1.36+9 1.9E+3
13%s 0.0 9.4E+12 1.3E+7
135¢Cs 6E+4 to BE+4 4.9E+10 6.8E+10 9.76+4
137¢s 0.0 1.26414 1.7€48
Luce 0.0 0.0 0.0
775Ra 0.0 2.1E+410 3.0E+4
230Th 0.0 1.4E+10 2.0E44
2321h 1.5646 to 2.2E+6 4.6E+7 1.6E+9 2.3E43
2"'M(C) 4E+4 to GE+4 2.5E+6 0.0 0.0
235y 4E+4 to 6F 4 6.4E+9 6.5E+9 9.3E+43
23y 4[+4 to 6E+4 1.3E+11 1.4E+11 2.0E+5
237Np 26+4 to 3E+4 5.9E+7 9.26+6 1.384)
138 py 0.0 6.0E+10 8.5E+4
239py 2E+5 to 3E+5 2.5E+7 8.5E+9 1.2E+44
1s0py 0.0 1.3E+10 1.96+4
2ulpy 0.0 1.6E+12 2.3E+6
28ipy 2E+5 to 3.5E+5 4. 9E+6 4.7€+7 6.7€+1
241 Am 0.0 5.1E+10 7.3E+4
243Am 0.0 4.0E+8 5.8E+2
242em 0.0 9.4E+9 1.3E+4
284Cm 0.0 2.1E+10 3.0E+4
(a)Notation: 1.56+12 is equivalent to 1.5 x 10'2. ' v
(b)Negligible due to radioactive decay during travel time between initial leaching

from the waste forms and arrival at the surface stream.
(c)Daughter of “3fy.




assumed for calculating resulting radionuclide concentrations in the surface
water stream. Thus, the average radionuclide concentration in the surface
stream (pCi/i) equals the release rate (pCi/yr) divided by the annual flow of
the surface stream (%/yr), given in Section 7 as 220 ¢/sec. Ground contami-
nation from overlanc flow is calculated by dividing the release rate by the
burial ground surface area (7 x 10° m”).

The results for groundwater transport represent conservative leach times
of 100 years and 1000 years, whereas the results for the overland {ransport
case represent a more realistic leach time of 10,00C years.(zo) The results
must be viewed in terms of probability of occurrence. The probability
of transport through the ground water is much greater than the probability

of overland transport.

To obtain radionuclide concentrations in drinking water from a well drilled
into the shale beneath the burial site (Table C.2-4), the groundwater concentra-
tions are further diluted by a factor of 5.5 to account for the full ground-
water flow of 4.7 x 107 2/yr underneath the site. (See Teple 7.4-3.)

Since the groundwater concentrations in Table C.2-4 represent maximum concentra-
tions at any location 100 years after site closure, this method of determining
radionuclide concentrations in drinkinn water is believed to produce conserva-
tive results.

€.2.4.2 Assumptions and Basic Data for the Western Site

The same meihods described for modeling groundwater transport at the
eastern site are applicable for the western site. Because of the extremely
dry soils -t the western site, the unsaturated hydraulic conductivity is, on
the average, 3.5 x 10-% cm/day. Soil moisture from precipitation is returned
to the atmosphere by evaporat on before it has had a chance to percolate down-
ward to any significant depth. Using the mean depth to ground water at the
western site of 60 m, a travel time for water from the reference burial ground
to the aquifer below the site is predicted to be 470 millicn years. In the
Waste Isolation Safety Assessment Program.(zo) the consequence analyses are
carried to 2 million years. Even if the conductivity is increased by 2 orders
of magnitude, the water travel time is still longer than 2 million years.
Therefore, the groundwater transport case is not modeled.
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The probability for overland flow is essentially nonexistent for the
western site. Since sand is the most prevalent surficial material and the
uncompacted soil at the site has a relatively high permeability, the water
infiltration rate is too high to allow any overland flow. The climatological
data on precipitation and rainfall intensity for the western site, given in
Section 7, also eliminate any potential for overland flow. The climatological
data indicate that it 1s extremely improbable that the water table would rise
the 60-m distance up to the waste trenches at any future time.

C.2.4.3 Uncertainties

Many uncertainties exist in the hydrologic data used to model radionuclide
migration via the water pathway.

One uncertainty involves the value of hydraulic conductivity used in the
equation to calculate the groundwater flow velocity. Several methods are used
to measure hydraulic conductivity in aquifers. Various assumptions are inherent
in all the methods, and values obtained by different methods at a given loca-

(18)

tion may vary by an order of magnitude. Hydraulic conductivity in an

aquifer is also spatially variant.

Two parameters in the transport equation have uncertainties in them: the
dispersion coefficient and the distribution coefficient. Both of these
parameters can be measured with rciative ease in the laboratory, but it is
difficult to measure them in the field due to many practical problems. However,
because measured values of these parameters are strongly dependent on the
physical and chemical conditions of measurement, the application of laboratory
values to field situations is of questionable validity. Examples of distribu-
tion coefficient (Kd) values reported in the literature are shown in Table C.2-3.

Finally, as discussed in Section C.2.4.1, there are order-of-magnitude
uncertainties in leach rates and leach times used to describe the leaching of
radionuclides from buried waste. Because of this, conservative values are
chosen for the leach times used in this study.

An example of the effect of a change in leach time on radionuclide concen-
tration in the surface stream is shown in Figure C.2-6 for a lona-lived
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FIGURE C.2-6. Predicted Technetium-99 Concentration in the Ground
Water versus Time at the Surface Stream (using 100-
year and 1000-year leach times)

radionuclide with a small K, value. The nuclide chosen is %°Tc (Kd = 0).
Increasing the assumed leach time by an order of magnitude results in almost
an order of magnitude decrease in the maximum radionuclide concentration in
the ground water at the point of discharge to the surface stream. It also
results in a significant postponement of the time when this concentration
attains its maximum value. For a radionuclide with a large Kd value, such
as 230Th, neither the maximum radionuclide concentration nor the time when
the concentration attains its maximum value are significantly affected by

an order of magnitude increase ir leach time.

C.3 MODELS FOR ESTIMATING RADIATION DOSE TO PEOPLE

The fundamental relationship for the calculation of radiation dose to

people from exposure pathways is given for any radionuclide in Equation C.9.(2])

R, . =¢C, U D

ipr ip p (C.9)

ipr
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R. e Radiation dose equivalent or committed dose equivalent
from radionuclide i via exposure pathway p to organ r

C1p ® concentration of radionuclide i in the media of exposure
pathway p; for inhalation, Cip is replaced with the term
Yi' which represents the average airborne concentration
Up ® exposure rate or intake rate associated with exposure
pathway p
Dipr e radiation dose equivalent or comnitted dose equivalent

factor for a given radionuclide i, exposure pathway p and
organ r that converts a given concentration of the radio-
nuclide and the intake rate of that radionuclide to the
radiation dose equivalent or committed dose equivalent.

Specific equations for each exposure pathway are derived from Equation C.9.
The principal difference among the exposure pathways is the manner in which
the radionuclide concentrations in water, air, soil, or food products are cal-
culated as an integral part of the computerized models used in this study.(ls’ZI)
The concentrations are functions of such parameters as the radionuclide release
rates, resuspension, deposition rates, irrigation rates, root uptake parameters,

bioaccumulation, atmospheric dispersion, and water migration and dispersion.

The usage parameter (Up in Equation C.9) assigns hours of external exposure
and intake rates of contaminated foods, water, and air to the radiation dose
equation. Average adult usage parameter values are the basis for the collective
radiation dose estimates, whereas maximum adult usage values are used in develop-
ing the disposition criteria and for calculating the dose to the maximum-exposed
individual.

Equations for calculating the internal radiation dose equivalent or commit-
ted dose equivalent factors (Dipr in Equation C.9) for ingestion are derived
from those given by the International Commission on Radiological Protection
(ICRP) for body burdens and Maximum Permissible Concentrations (MPC) of each

radionuclide.(Z]’zs)

Internal dose factors for the adult not found in the
literature are calculated in a manner similar to that discussed in Reference 25.

Effective decay energies for the nuclides are calculated from the ICRP model,
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which assumes that all of a given radionuclide is in the center of a spherical
organ with an appropriate effective radius. Dose equivalent factors for inhala-
tion are calculated using the computer code DACRIN.(26) This code incorporates
the ICR? Task Group Lung Model(]) to calculate the dose equivalent to the lung
and other organs of reference. Dose equivalent factors are calculated for
Translocation Class D, W and Y material. A particle size of 1 ym diameter

is assumed. Radiation dose equivalent factors have units of mrem in the first
year per pCi taken into the body during that year either via ingestion or
inhalation. Radiation committed dose equivalent factors have units of mrem/50-yr
per pCi taken into the body in the first year.

External doses from gamma radiation are calculated for three contributors:
activation products buried in steel canisters, radionuclides deposited on the
ground by irrigation with contaminated water and by overland flow, and radio-
nuclides evenly distributed in a subsurface trench. Dose contributions from
exposure to bodies of water and shoreline contaminated by liquid releases
are considered negligible in comparison with these three.

Cylindrical steel canisters buried end to end in a trench are modeled
as one long cylindrical source with a slab shield of soil. The total-bocy
dose rate factors are calculated for a point 1 m above ground level at a
depth of 50 mm of tissue at the center of the trench. The dose rate factors
are generated by the shielding code ISOSHLD(27) for each overburden depth
considered. Dose rate factors are calculated in rem/hr for a given inventory

of activation products.

Radionuclides deposited on the ground from irrigation with contaminated
water and from overland flow are assumed to be evenly distributed in the top
0.15 m of soil due to plowing, along with any of the subsurface waste plowed
into the upper layer of soil. The dose rate factors are calculated for a
point 1 m above the ground at a tissue depth of 50 mm. The shielding code
ISOSHLD is used to generate the dose rate factors in rem/hr per Ci/m3.

The radionuclides distributed in a subsurface trench are represented by a
rectangular solid source with uniform source strength, shielded by a variable
thickness of soil. The soil thickness is assumed to be greater than 0.15 m



(plow layer), since any radioactive waste entering the top 0.15 m of soil is

mixed and considered with the radionuclides deposited on the surface by irrigation
and overland flow. The dimensions of the subsurface source are such that it

is essentially a semi-infinite slab source. Dose rate factors for exposure

1 m above the surface are in units of rem/hr per pCi/m®. Factors are radio-
nuclice (and therefore energy) specific. These factors are generated by the
shielding code ISOSHLD. A separate dose rate factor is required for each
radionuclide for each different surface-so:.l shield thickness. The soil

thickness is assumed to be constant for a given 50-year dnse period.

The 50-year committed dose equivalent for the external exposure pathways
associated with ground contamination and with the buried waste is equal to the
first-year dose.

C.3.1 Dose From Ingestion of Food

The annual radiation dose in mrem, er, to a person consuming vegetation
grown on the contaminated site is given by Equation C.10.

Ry, * Z T (C.10)

Similarly, the annual radiation dose equivalent in mrem, par’ to a person con-
suming a particular contaminated animal product is given by Equation C.11.

n
Rar ) Z cia Ua Dir (€.11)
i=1
where:
Civ' C1a e the concentration of radionuclide i in the vegetable or
animal product, pCi/kg or pCi/¢
Uv’ Ua e annual consumption of contaminated vegetable or animal

products, kg or %



Dir e radiation dose equivalent factor for ingestion discussed

in Section C.2, mrem/pCi.

Exposure from routine releases is assumed to be a 1-year chronic inges-
tion at a uniform rate. Specific values of the consumption parameters U and
U are taken from WASH- 1258(28) for both the maximum-exposed individual and
the population. This exposure pathway is not considered for an acute release.

Models used for estimating the transfer of radionuclides from air to
plants (through leaves and soil) to farm products and animal products were
originally derived by Soldat. (24) A more detailed treatment of this topic

is found in Reference 15.

€.3.1.1 Deposition Directly from Air

Equation C.12 is used to describe the deposition of resuspended airborne
particulate radionuclides directly onto food products and onto the ground.

a‘} = 86,400 ; V (C.12)

di

where:
q° e deposition rate or flux of radionuclide i, pCi/(m*-day)
86,400 e dimensional conversion factor, seconds/day

e average air concentration of radionuclide i is
estimated using the mass-loading factor discussed
in Section C.2.2, or given as the result of a
decommissioning operation or accident, pCi/m?

Vdi e deposition velocity of radionuclide i, m/second

Specific values for the deposition velocity, vdi’ are contained in

Reference 29.

€.3.1.2 Deposition by Irrigation

The deposition rate in pCi/m“-day, d;. for radionuclide i, from irrigation

water onto the grourd is defined by Fguation C.13.
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- M T | (C.13)

Ca e concentration of radionuclide i in the water used for
irrigation, pCi/%; calculated in Section C.2.4.

I e irrigation rate; the amount of water sprinkled on a
unit area of field in 1 day, ¢/(m“-day); given in
Appendix A.

C.3.1.3 Concentration in Vegetation

The concentration of radioactive material in vegetation resulting from
direct deposition onto plant foliage, uptake of radioactive waste, and uptake
of radionuclides previously derosited on the soil is determined by Equation C.14.

. (d} + d})r T (1 - exp [”Eite])_ . q}fthi(l - i’i’?&ﬁtﬂ__),
iv YVA

£i P Ay

+ O‘ISftcstii X fwcttii exp (->ith) (C.14)

P 0

where:

C.. e concentration of radionuclide i in the edible portion of the
vegetation, pCi/kg

d. e previously defined (see Equations C.12 and C.13), pCi/(m“-day)

r e fraction of deposition retained on the vegetation (dimensionless),
taken to be 0.25

T e factor for translocation of externally deposited radionuclides
to the edible parts of th- vegetation (dimensionless). For
simplicity, this parameter is assumed to be independent of
the radionuclide and is assigned values of 1 for leafy vegetables
and fresh forage and 0.1 for all other produce, including grain.

(Reference 23 lists values for this parameter, which vary with
radionuclide.)




si

0.15

ti

radiological decay constant for radionuclide i, davs-'

the effective removal constant for radionuclide i, days-';

)Ei . )i ’ Aw

weathering removal constant for vegetation, days-'; taken to
be (0.693/14) days-!

vegetation yield, kg (wet weight)/m?

concentration factor for uptake of radionuclide i from the soil
in vegetation v, pCi/kg (wet weight) per pCi/kg (dry soil)

time for buildup of radionuclides in the soil, days; assumed
to be 50 years for irrigation

time of exposure of above-ground vegetation to contamination
during growing season, days

froction of the roots in the plow layer of soil (dimensionless)
holdup time between harvest and food consumption, days

soil "surface density," kg (dry soil)/m?; a value of 224
kg/m’ is used assuming the contaminated ground is plowed
to a depth of 15 cm(ls)

concentration of radionuclide i available for plant uptake
from the waste contained in the plow layer (top 15 cm of soil),
pCi/m?; calculated in Section C.2.3

plow layer, m

fraction of the roots that penetrate the waste trenches
(dimensionless); assumed to be 0.01 when the overburden
depth is greater than 1 m, and 0.10 when the overburden is
between 0 and 1 m

concentration of radionuclide i available for plant uptal.:
in the waste trenches, pCi/m3; given in Table 8.2.3-1 for the
time of site closure

bulk soil density of subsurface material, kg/m?; given in
Section 7 as 1.7 x 10° ka/m?.
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The first term inside the brackets of Equation C.14 relates to the con-
centration resulting from direct depositicn of resuspended material and irri-
gation on foliage during the growing season. (Irrigation is not considered
for .he reference sites of this study.) The second term relates to the
plant uptake from the soil and reflects the deposition from irrigation for
the past 50 years. The third and fourth terms account for uptake of waste
material contained in the top 0.15 m of soil and below this layer, respectively.
Specific values used for the parameters in Equation C.17 are found in
References 15, 28, and 29.

Under certain conditions, plants may have deep, extensive root systems. The
depths to which roots can penetrate are dependent on plant species, soil character
istics, soil moisture profile, time, and other site-specific factors. Many
plants are known to have root systems that exceed depths of 2 m.(30) The
question of whether and to what degree roots will penetrate into buried waste
is not clear and should be researched. The values assigned to fw in this
study are chosen arbitrarily.

C.3.1.4 Concentration in Animal Products

The radionuclide concentration in animal products such as meat, milk, and
eggs is dependent on the amount of contaminated forage or feed eaten by the
animal. This concentration is described by Equation C.15.

cia \ SialciF QF o ciaw QawI (C.15)
where:

e concentration of radionuclide i in the animal product, pCi/kg
or pCi/L

ia

Sia e transfer coefficient of radionuclide i from daily intake of the
animal to the edible portion of the animal product, pCi/% (milk)

per pCi/day or pCi/kg (animal product) per pCi/day

ciF e concentration of radionuclide i in feed or forage, pCi/kag;
calculated from Equation C.14
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QF e animal consumption rate of contaminated feed or fo.age, kg/day

e concentration of radionuclide i in the water consumed by animals,
pCi/L; assumed to be the same as the irrigation water, Ciw

Q e consumption rate of the contaminated water by the animal,
i/day.

Specific values for the parameters used in Equation C.15 are found in
References 15, 28, and 29. For parameters where data are lacking, comparisons
are made with biological data from chemically similar elements.

C.3.2 Dose from Drinking Water

The dose Rwr in mrem, from ingestion of water containing radionuclides,
is calculated from Equation C.16.

n
R, = Uy, Z Cigu &P (-2ity) Dy, (C.16)

=1

U e annual consumption of contaminated drinking water, &

e the concentration of radionuclide i in the drinking water,
pCi/e; assumed to be well water

e radiological decay constant for radionuclide i, days™'

t e transit time required for radionuclide to reach the point
of exposure, days

D. e radiation dose equivalent factor for ingestion discussed in
Section C.3, mrem/pCi.

C.3.3 Dose from Aquatic Food Ingestion

Concentrations of radionuclides in aquatic foods are directly related
to the concentrations of the radionuclides in water. Equilibrium ratios
between the two concentrations, called bioaccumulation factors, are taken
from Reference 21. The dose Rafr in mrem, from consumption of aquatic foods
containing radionuclides, is calculated from Equation C.17.
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where:

n
Roge = Ugs Z Ciy By &P (-2t)) D, (C.17)
i=

annual consumption of contaminated aquatic foods, kg
the concentration of radionuclide i in the water, pCi/%

the bioaccumulation factor for radioruclide i, pCi/kg
per pCi/L

radiation dose equivalent factor for ingestion discussed
in Section C.3, mrem/pCi

radiological decay constant for radionuclide i, days~!

holdup time between harvest and food consumption, days.

C.3.4 Inhalation Radiation Dose

The inhalation dose, th in mrem, is calculated using Equation C.18.

where:

n
Ry * :E: Dy 3 V T (C.18)
i=1

radiation dose equivalent or committed dose equivalent factor
for inhalation discussed in Section C.3, mrem/pCi or mrem/50-yr
per pCi

the annual average airborne concentration of radionuclide i,
pCi/m?

ventilation rate of exposed individual, m’/sec. Human venti-
lation rates for three time periods are derived from ICRP
recommendafions:(3]) 3.3. x 10“ m3/sec for the period 0-8
hours, 2.3 x 10-* m?/sec for 8-24 hours, and 2.7 x 10-" m?/sec
for greater than 24 hours
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T e time of exposure to the airu.rre radionuclide concentration,
seconds. A year's exposure of 3.16 x 107 seconds is assumed
for inhalation of resuspended radionuclides. A working year
of 2,000 hours (7.20 x 10° seconds) is used for the excavation
scenario.

The inhalation dose model prasented in Equation C.18 is consistent with
the ICRP Task Group Lung Model.(!)

C.3.5 External Radiation Dose

Annual doses resulting from exposure to surface and subsurface soil con-
tamination and to buried canisters of waste (slit trench) are calculated using
Equation C.9 and the external dose rate factors discussed in Section C.3. These
dose rate factors are calculated for a po., ' 'ocated 1 m above the ground. An
exposure period of 8,766 hours per year is assumed. The surface soil contamina-
tion increases with time from irrigation with contaminatea water. (However,
irrigation is not considered for the reference sites of this study.) Daughter
build-in through chain decay is accounted for. The fraction of subsurface soil
(the soil below the plow layer) that is contaminated waste material is assumed
to be 0.8. This is based on 15-m-wide trenches separated . 3-m spaces of soil.
The subsurface waste alsc undergoes chain decay with time. Additional methodology
used to calculate doses to workers during decommissioning operations is dis-
cussed in Section 13 of Volume 1.

C.4 DETERMINATION OF MAXIMUM ANNUAL RADIATION DOSE

The method used in this study to analyze release conditions for a
decommissioned LLW burial ground is based on a comparison of the calculated
maximum annual dose received by a maximum-exposed individual with an established
annual dose 1imit. The maximum-exposed individual is assumed to Tive and work
on the decommissioned site; to consume all of his food from crops and animal
products grown on the site; and to drink water from a well drilled on the site.
In the absence of regulatory guidance on permissible dose limits from a decom-
missioned burial ground, an annual dose limit of 50 mrem to the maximum-exposed
individual is assumed for the purpose of demonstrating the methodology.
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Calculation of the maximum annual dose to an organ of reference requires
the dose equivalent from exposure during the year of interest. It also requires
a Jetailed accounting of the doses resulting in the year of interest from intake
of radionuclides during previous years. For continuous exposure to a radio-
actively decaying source, the year in which the annual dose reaches a maximum
depends on the chemical and physical characteristics of the radionuclides in
the source, the organ of reference, and the exposure pathway. If internal
exposure from inhalation or ingestion is the dominant dose contributor, the
maximum annual dose may not occur in the first year. The annual dose to internal
body organs from internally deposited radionuclides tends to increase for a
time after the start of continuous exposure to a radioactively decaying source
until a maximum is reached. The annual dose then tends to decrease with t e
due to radioactive decay, a decrease in the exposure-pathway-dependent radio-
nuclide concentrations, and biological elimination of radionuclides deposited
in the organ.

The calculated first-year dose from ingested or inhaled radionuclides
will most likely underestimate the maximum annual dose, and therefore does
not provide the best comparison to an annual dose limit. It is also not
appropriate to compare a committed radiation dose equivalent, accounting for
50-years of dose commitment, to an annual dose limit. Therefore, an extension
of the general dose relationship given in Equation C.9 is required to calculate
annual doses for a period of years, from which the maximum value is then selected.

The derivation of a general expression describing annual dose calculations
is illustrated by considering the annual dose equations for the first 3 years
of a continuous exposure to radiation. The annual dose for the first year to
an organ of reference is simply the summation of the radiation dose equivalents
from all internal and external exposure pathways.

The second-year innual dose to an organ of reference is the summation
of the radiation dose equivalents from all exposure pathways during the
second year and the dose equivalent delivered during the second year from
radionuclides internally deposited in that organ during the first year. For
the second year, the annual dose is calculated by the mathematical expression:
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*
A2=R2 . 3 (R"2°R‘.]) (c.‘g)

the annual dose during the second year from all exposure pathways
to the organ of reference, mrem

the radiation dose equivalent in the second year to the organ
of reference from all internal and external exposure pathways
from intake and exposure in the second year of continuous
exposure, mrem

the committed dose equivalent to the organ for the first two
years from radionuclides internally deposited during intake
from exposure pathways in the first year, mrem

the radiation dose equivalent to the organ of reference for
the first year from radionuclides internally deposited during
intake from exposure pathways in the first year (no external
component to the dose equivalen.), mrem,

The term in parentheses in Equation C.19 is the expression for the dose
equivalent to the organ of reference from radionuclides deposited in the organ

in the first year. It is found by subtracting the first-year dose equivalent

from internally deposited radionuclides from the two-year committed dose

equivalent.

The third-year annual dose to an organ of reference is the summation of
the radiation dose equivalents from all exposure pathways during the third

year and the dose equivalent delivered during the third year from radionuclides
internally deposited during the first and second years. For the third year,

the annual dose is calculatec by the expression:

*
Ay =Ry +(Ry 3= Ry o)+ Ry =Ry ) (C.20)
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where:

A3 e the annual dose during the third year from all exposure pathways
to the organ of reference, mrem

*

R3 e the radiation dose equivalent in the third year to the organ of
reference from all internal and external exposure pathways from
intake and exposure in the third year of continucus exposure, mrem.

The terms R]’3, R],Z’ R2,2’ and RZ.I are of a similar form, each with two
subscripts. The first subscrint defines the year of intake or exposure after
the start of ~~1tinuous exposure, and the second defines the number of years
used in calcuiating the commitied dose equivalent.

The quantity in the first parenthesis in Equation C.20 is the dose
equivalent to the organ of reference in the third year from radionuclides
deposited in the first year of continuous exposure (i.e., the difference
between the 3-year committed dose equivalent and the 2-year committed dose
equivalent). The quantity in the second parenthesis is the dose equivalent
in the third year to the organ of reference from radionuclides deposited in
the second year of continuous exposure (i.e., the difference between the 2-year
committed dose equivalent and the first-year committed dose equivalent).

The general expression for caicuvlating the annual dose to an organ of
reference during any year after the start of continuous exposure can be
expressed as:

t-1
A=R*+_Z]R
i=

i, (t-i41) ~ Ry, (t-1) (c.21)

where:

A, ® the annual dose during the year t from all exposure pathways to the
organ of reference, mrem

R, ® the radiation dose equivalent in year t to the organ of reference
from all internal and external exposure pathways from intake and
exposure in the year t, mrem,
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The summation term in Equation C.21 represents the dose equivalent delivered
to the organ of reference in year t from radionuclides deposited in the organ
from intake in all previous years since the start of continuous exposure. This
term is valid only for integer values of t>1. For t equal to 1, the summation
term is set equal to zero, since the subscripts define a non-real cace.

The annual dose, At' to the organ of reference is calculated for each
value of t from 1 to 50 for the 50-year exposure period of an individual who
is assumed tc live and work on the decommissioned site. The maximum annual
dose is determined by inspection. For each year of exposure, the radionuclide
inventories used in the calculations are adjusted for radioactive decay and
daughter-product buildup.

C.5 CALCULATED MAXIMUM ANNUAL RADIATION DOSES AT THE REFERFNCE LLW BURIAL
GROUNDS

Maximum annual doses are calculated for two property release scenarios:
conditional release of a deconmissioned site 200 years after site closure, and
unrestricted release of a decomnmissioned site 200 years after site closure.
The scenarios are described in Section 8.5 of Volume 1.

€.5.1 Dose Calculations for the Western Site

Calculated maximum annual doses to the maximum-exposed individual for
various release conditions for the western site are presented in Tables C.5-1
through C.5-3. Only those radionuclides that contribute 1% or more of the
total dose to the organs of reference are shown.

Dose calculations are based on the radionuclide inventory of Table 8.4-1
and include contributions from radioactive daughters where appropriate. Dose
contributions from radioactive daughters that grow into the inventory before
deposition in the organ of reference are shown as separate entries in the
tables. Dose contributions from radioactive daughters that grow into the
inventory after deporition of the parent nuclide in the organ of reference
are shown with the dose contribution from the parent. For example, 210pp is
a radioactive daughter of ““®Ra. The contribition to dose from 210ph that

grew into the inventory before deposition of the radioactivity in the organ
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of reference is shown as a dose contribution from ?!Pb+D. The contribution
to dose from “!9Pb that grew into the inventory after “““Ra was deposited in
the organ of reference is included as part of the dose from “““Ra+D.

Calculated maximum annual doses to the maximum-exposed individual for
conditional releasc of the western site are presented in Table C.5-1. The
doses are for the 50-year period immediately following release of the site.
Farming that involves the cultivation of shallow-rocted crops is assumed to
be permitted. However, it is assumed that the site resident does nut excavate
the area.

The nuclide which is the major contributor to both the total body and
bone doses for the food ingestion pathway is “'“Pb. Lead-210 is not present
in the original burial ground inventory (Table 7.3-3), but is a radioactive
daughter of “?®Ra. The dose conversion factor is only slightly greater for
210pp than it is for ““tRa. However, the rate of plant-root uptake is more
than an order of magnitude greater for “!7Pb than it is for “““Ra.

For comparison purposes, Table C.5-2 shows maximum annual doses that
would result to the maximum-exposed individual during the 50-year period
following site release if excavation were permitted. Doses presented in this
table include inhalation and external exposure doses that would result if the
resident worked at onsite construction, including excavation, for 2000 hours
per year.

The doses in Table C.5-3 are also for comparison purposes and assume
complete removal of the 3-m overburden as a result of wind erosion. Using
the erosion rate of Section C.2.1, total erosion of the site overburden is
calculated to occur approximately 450 years after site release. The dose data
demonstrate the importance of erosion-prevention measures in connection with
tne conditional release of the site.

Calculated maximum annual organ doses to the maximum-exposed individual
for unrestricted release of the western site with the inventory of Table 8.4-2
are presented in Table C.5-4. The revised inventory would permit unrestricted
release of the site 200 years after burial ground closure.
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TABLE C.5-1. Maximum Annual Doses to Maximum-Exposed Individual from Conditional
Release of Western Site - Excavation Prohibited

Maximum Annual Dose (mrem) via:

Organ of Reference Radionucnde(") Ingestion External ATT Pathways
Total Body at 245 vears'®) &1 1.4640(¢) 9.0 1.4€40
218yepld) §.1€-] 0.0 5. 1€-]
Vg 4.0E-1 0.0 4.0E-1
137¢s 1.7¢-2 B.1E-9 1.78-2
<1iTheD 6.6E-2 0.0 6.6E-2
‘U RasD 1.7€-1 0.0 1.7¢-)
‘Pb+D 1.1€+0 0.0 1.1E+0
““Ra+D 1.0E-1] 0.9 1.0E-1
Sl . 2.6E-2 0.0 2.58-2
Total 3.8E+0 B.1E-9 3.8E+0
Bone at 234 Years £INY 4 .5E+1 0.0 4. 56+
238y+D 2.4E+0 0.0 2.4E+0
i g 1.BE+D 0.0 1.8E+0
7Cs 2.4E-2 1.26-8 2.4E-2
"0Th+D 1.8E+0 9.0 1.BE+D
“Ra+D 1.56+0 0. 1.5E+0
1Pbel Z.8E+) 0. 2.8E+)
“Ra+D 5.6E-1 0.0 5.6E-]
s . 1.26-1 0.0 1.2€-1
Total 8.1E+1 1.26-8 B.1E+)
Lungs at 202 Years e 6.96-6 0.0 6.9E-6
L¥5¢s 7.6E-5 0.0 7.6€-5
1i7%Cs 7.9€-3 2.4E-8 7.9€-3
“Pu 9.8E-6 0.0 9.8E-6
. 6.26-5 0.0 6.2E-5
Total B.1E-3 2.45-8 8.1E-3
Thyroid at 207 Years 129 5.3E-2 2.9E-36 5.3E-2
127¢g 0.0 2.1E-8 2.0E-8
Total 5.3€-2 2.1£-8 5.3€-2
GI-LLI at 200 Years ‘IBYeD 1.0E-2 0.0 1.0€-2
137¢s 0.0 2.5€-8 2.5E-8
2350Us0 6.8E-4 0.0 6.86-4
f3Th+D 8.96-4 0.0 B.9E-4
1 35py 5.4E-5 0.0 5.4E-5
43%y 3.4E-5 0.0 3.4E-5
260py 5.2E-5 0.0 5.2E-5
'\ <51 Am 3.4£-4 0.0 3.4E-4
'. Total 1.2E-2 2.5€-8 1.2€-2

(a)Only radionuclides that contribute more than 1% of the total dose for each pathway
' are listed.
b)The time the annual dose peaks after site closure for the exposure period cunsidered.
c)Notation: 1.4E+0 is equivalent to 1.4 x 107,
(d)+ D indicates that after deposition in the organ of reference, the decay energy of
the daughter is included with the parent.
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TABLE C.5-2. Maximum Annual Doses to Maximum-Exposed Individual from
Release of Western Site - Excavation Permitted

¢ Ref (a) Rz | Dose {mrem) via:
—Organ of Reference Radionuclide '  Tngestion  Tnhalation ~ Extermal — KTT Fathways
Tota) Body at 200 vears'®) ™ 1.4g00'%) 0.0 2.0 1.4E90
1anyepld) 5161 0.0 0.0 5.1E-1
Yage 4.0E-1 B.7i-6 4.06-8 4.0F-1
170 1,762 5.26-5 1.86+2 3,862
' iNTh + D 6.68-2 2.3€-2 0.0 B.9E-2
' 2% ¢+ D 1.76-1 7.16-4 0.0 1.76-1
110pp 0 11640 2.66-4 0.0 1.16+0
“i%Ba s 0 V.03 0.0 0.0 1.0E-1
L TR 2.6E-2 4.98-3 0.0 3.1E-2
ik Am oy g:,@;ﬁ '.‘g.'} ‘_'.?_f_'_]_ LZE.‘;‘
Tota) 3.8E+0 3.06-2 3.8E«2 3.BE+2
. Bone at 200 Years SN 45641 0.0 0.0 4, 5€41
LT 2.46+0 0.0 0.0 > 4E+0
4oge 1.8E+0 3.36-8 4.06-4 1.8E40
1'%y 2.40-2 1,864 3.8E+2 3.8E42
) iINTh e D 1.8E+0 8,061 0.0 2. 6840
! itépa + D 1.5i+0 7.1E-3 0.0 1.58+0
| Pipy e @ 2.8+ 4,463 0.0 2.8E+
| ii%pa + D 5661 0.0 0.0 5.6€-1
| 5y 4 0 1,261 2.46-3 0.0 }.2641
' ik 5.4€-3 1.26-2 1.2 1.5E-1
Tota! B.1%e1 8.56-) 1.8E42 4.6Ee7
Lungs at 200 Years Sour r.9 0.0 4.08-4 4.06-4
137¢y 7.96-3 2.2€+5 3.8E+2 3.8642
F0TH ¢ B 6.0 2,260 0.0 2.26+0
TitRg + O 6.0 3.36-2 0.0 3.36-2
W s p 0.0 1.06+0 0.0 1.0640
n I 6.26-5 8.4€-3 1.2¢-1 1,3E-)
Total 8163 3.2640 38002 3.8842
Thyroid at 200 Years hg 0.0 2.864 0.0 2.8¢-4
g 0.0 0.0 4.08-4 4,084
1Y 6382 5.0E-% 7.9€-4 5.48-2
g 0.0 0.0 3.8E42 1.8E42
vk 0.0 0.9 1.26-1 1261
j Tota! €. 38-2 3.3-4 1,862 3.8E+2
GI-LLI at 200 Years s 0.0 2.46-4 0.0 2.4E-4
3%y + 9 1.0€-2 0.0 0.0 1.08-2
soge 0.0 0.0 4.0£-4 4.06-4
A < 0.0 2786 3.86e2 3.8042
239Th 4 D 0.0 5.16-4 0.0 5,164
“ifga + D 0.0 3.7€-5 0.0 3,76-5
71081 + D 0.0 2.86-5 0.0 2.8€-5
Wy e 6.86-4 0.0 0.9 6.8i-4
LR R B.9E-4 2.2€-% 0.0 9.16-4
; laem 1.41-4 LIES 1261 1261
Total 1.2¢-2 8.76-4 3.BEs2 3.8E92
a)0nly radionuclides that contribute more than 11 of the total dose for each pathway are listed.
b)The time the anaual dose peaks after site closure for the exposure period considered.
c)Notation: 1.46+0 s equivalent to 1.4 x 10°.
d)* D indicates that after deposition in the organ of reference, the decay 2nerqy of the daughter is
included with the parent.
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TABLE C.5-3. Maximum Annual Doses to Maximum-Exposed Individual from Release

of Western Site - Overburden Removed by Erosion

(a) . MOXIEm Annus) Dose (wres) via:
. Orgen of Reference = Rationuclide *  [ngestion  InhaTation  [xterna! ATl Vathways
Total Body #t 649 vears'®) a9 5.56-14¢) 4,168 1.8E-2 5, 76-)
il " 1.3E-2 2.6E-4 Z2.88-1 2.5¢-1
sy o pld) 3.8 0.0 8.0 1,841
'“Th + D 5.9« 21840 0.0 8.0€«0
R ] 17602 1,98 -0 ). 762
g + 0 1.1E+3 $.96-2 3.0 1.1E23
“PRa 4+ D .86+ 0.0 }.0 7 8640
Py ¢ D 3.1E-8 1,06-9 V. 7E-2 1.7€-2
“SPu i.08-1 7.2E-1 1,083 B.2E-1
Py 7.26-2 5.0 7.4E-4 5.76-1
. 9,381 §.56+0 1.46+0 7 BEAD
"ota) 1.36+3 9.0E+0) 1.7640 e
Bone at 649 Years L | 1.96-) $.9€-7 V.8E-2 £
s ). 5.2 1.0€-8 2 861 3
Yy 4 b 2.2t02 8.0 .0 ?
Wth o« D 1.36+2 6 BEe!
‘Ra + D 1.76+3 1.9E+0 3.0
P+ D 3.16+4 1360 9.0 3
Ul TIESY 2.6E-) 1.0 ]
o 4 D ).BE-7 5,889 7% 1. 262
Pu 2.3+0 1.6E%1 1.06-3 1.8E%)
Py 1.5E40 P 1Eel 7.46-4 %3]
A 21841 13642 1440 5847
1atal 3.3+4 2 ?v-;‘ 1,754 1.36+4
Lungs at 612 Years ag (- 5.6¢-2 0.0 3.0 §.8E-7
# 6.4E-1 2.66-4 ?.9€-3 6.88-1
Cs 5.28-3 2.26-6 6.68-1 6.2£-1
S L] 2.0 Y3 9.0 1,381
Ra ¢+ D 0.0 4.2840 0 &, PEs
Ph o+ [ 0 5.4k ) 541
Ved .0 2 B ed ’ 4.8+
Py 3.58-3 5.8E-1 8.71-8 5. BE-)
Py 7.7~ 12641 ¥ -3 1.2+
Pu 5.28-2 8.6 7.56-4 3 BEe
A 2.76-1 4.8840 | _&F+0 6 i
Tutsl 1.16%0 8,741 1600 5 0fsl
Thyroia at 604 Years b ¢ 0.0 5 2t-8 § . 26-4
| 3.8Ee2 1.20-2 | AE-? 3. 85+2
s+ D 1.0 0.0 B.0E- B.0E)
Ao 2.0 0.0 1.88+0 1 SE+0
Tetel Y. BEe2 1.76-2 2 55-‘”, 3 nrg.;
GI=LLT at 60O Years L - 0.0 4. 8.0 4.3-4
D 7,461 0 0 7.48<1
Lk < Y 2.0 5.2¢-8 8761 A7
Th + 1 0.0 §.50-4 0 9.50-4
‘Ba + 0 5,762 9.1¢-4 9.0 5.8-2
Bi+ D 0.0 8.0E-4 .0 ;.0C-4
e &.90-2 0.0 0.0 892
Py 3.8E-i 9 26-4 1.0E-1 3.68-)
ey 2.4E-) 6364 7.50-4 2.4€-)
. 13640 3.26-3 1,564+ 2 8E+0
Total 2.7E%0 7.8E-3 3";(-" L Y

(a)0nly radionuc]ides that contribute wore than | of the total dose for each pathway are 1isted

(b)The time the annual dose peaks s‘ter site closure for the expoture perind considered

{c)Motation: S§.56-1 is equivalent <o 5.5 » 10!

(d)* D indicates that after deposit an in the organ of reference, the decay energy of the daughter is
included with the parent. :
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TA C.5-4. Maximum Annual Doses to the Maximum-Egposeq Individua! from.
oLt Unrestricted Release of the Western Site with the Radionuclide
Inventory of Table 8.4-2.

Maximum Annual Dose (mrem) via: -
Organ of Reference Radionuclide(') Tngestion Inhalation External K1Y Pathways
(b) 90 (d) (L) X 4.06-4 4. 4E-1
¥ Sr ¢+ D 4 4€-) 8.6E-6 ‘
RN N D PR *“Yr 1.9€-10 7.26-10 Z.SE-s §.2§-$
137Cg + 0 2,.4E-3 5.1E-5 3 BE+ .BE+
Total - 3AE-T §.0E-5 3.BE+T IBEN
WSr + D 1.8E£+0 3.2E-5 4.0E-4 1.8E+0
s ot *”Vr 6.8E-9 2.7¢-8 2.6F 2.6E-2
1370 + 0 2.66-3 1.4E-4 3.8E+1 3.BE+1
Tota) T BE+0 I.7F-4 A FOE+T
Wy 0.0 1.7¢-8 2.6E-2 2.66-2
VONER 1. CN e 135%Cs 2.9€-31 3.76-7 1.36-1 ;.gé-?
137Cs 4+ D 7.9€-4 2.2E-5 3.8E+ .8E+
Total 7.96-4 2.2E-5 I.BE+T T.BE+T

(a)Only radionuclides thal contribute more than 1% of the total dose for each pathway are listed.

(b)The time the annual dose peaks after site closure for the exposure period considered.

{c)Notation: 4.4E-1 is equivalent to 4.4 x 107}, )

(d)+D indicates that after deposition in the organ of reference, the de:ay energy of the daughter is
included with the parent.

C.5.2 Dose Calculations for the Eastern Site

Contributions to the maximum annual dose to the maximum-exposed individual
at the eastern site from water pathways are presented in Table C.5-5. Dose
calculations are based on the radionuc'ide inventory of Table 8.4-1. Pathway
contributions are shown for 1) ingestion ot aquatic foods from the nearby
river that is contaminated by radionuclide transport along the aquifer, 2)
drinking water from a well drilled into the contaminated near-surface aquifer
beneath the si*e, and 3) ingestion of aquatic and locally grown foods contami-
nated by overland flow The large doses calculated for the well-water and
overland flow pathways demonstrate the importance of restricting the use of
well wate- at the conditionally released reference site and of maintaining
site drainage features to prevent inundation of the site with water.

Calculated maximum annual organ doses to the maximum-exposed individual
for unrestricted release of the eastern site with the inventory of Table 8.4-2
are presented in Table C.5-6. The revised inventory would permit unrestricted
release of the site 200 years after burial ground closure.
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TABLE C.5-5. Contributions to Maximum Annual Doses io Maximum-Exposed
Individual from Water Pathways - Eastern Site

o ARV Annyal Dose (mrem) via: =

T ngestien of
Aquatic Foods Drinting of water Ingestion of Foods (onl.mcm by
(ontasinated by from Well Drilled : Tl
: (o) Tadlonuclide Transport  inte Conteminsted “Farw € &dm.
. Orgen of Referance ~  Kagtonuclige’™' Al tfer _ Aquiter Beneath Site Products Foods =~ Totals
Total Body at 249 vears'™!  1sg 1960119 10692 0.0 2.86-1 2861
e 0.0 EA§2 24841 282 2.3
1myegie) 0.0 1,060 95E-2 2480 2460
YI5rep 6.0 1,268 69640  6.80%0 1K
e $.9E-5 3681 4081 6.0 4004
EL 203 1,081 1,283 2.6E-8 1.26-3
IHiggep 0.0 14843 .86 1962 1.9Ee2
1imed 0.0 2.6k-) 1.36%0 2.9 4%
FibRged n.o 3oe2 4.4 3.6E+2 36802
R T (A= 6.0 1.9t 1064 1.2641
1itag o0 0.0 1.8561 1,564 1.560)
%0 0.0 3.76%0 3,181 7867 3.9€-1
ilepy 0.0 1,961 1764 L1 8] 1.8€-1
iy, 0.0 3,961 V.64 VAR 1481
teipy 8.0 2.88-1 2484 2 231
i 00 28600 1563 40 0t
Tota! 19641 1 2648 18641 B.0Ee2 83642
Bone at 145 vears e 9.4 3 8k .0 1.2640 1.2640
Y 0.0 ). 0t 7.3042 6.2t 6.963
iagep (9 5. 8642 S.4E-1 13w 1364
Yeseed 0.8 4.964% .94 2.9 & BEe)
e L.5E-4 9.06-1 1.06-3 0.0 1.06-3
129y B E-4 3.66-2 4 364 0.0 4 364
WigyeD 0.0 1 442 I0E1 200 24802
PARTHeD 0.0 82640 4.3 .1 1.4k
RE P 0.0 3 3643 4 400 3.6k¢) 31,6143
L T 6.0 0.0 5. 4F+1 2.9842 3.4Ee7
e T 0.0 0.6 2.1k Lrie2 1.0€+2
1%y 0.0 3. 189 <. 687 6.56-1 6.8E-1
ey 0.0 8 00 G | 10640 3.0640
Py 0.0 5 6Es0 2 483 2,960 .98
inipy 0.8 B 360 $.1E-3 4 400 4410
iam 0.8 59001 9.9 10w 1.0k
Tota! 9.3 5.20+% B.6E+, 1.2t 1.2644
Lungs ot 203 Years Wie LS L 1.26-4 P 124
1¥igye 0.0 2.2t02 B T 9.5041 § 5601
Yepy 6.0 3881 1. 8E-4 1.66-1 1.86-1
2%y 6.0 1.9} 1264 1.0€-1 1.0f-1
Indpy 0.0 2.96-1 1.8E-4 1.5¢-1 .51
ke T 00 1.8 LIE) 1.2 1.2¢9
Totsl 1.86-% inw 1.484) 1.0ge2 1162
Thyrotd at 202 Years I~ 0.0 0.0 0.0 0.0 0.0
129 80 80t 9.4¢-1 2.08-2 9681
(2 1. 08 L0 .8 LA 0.0
Total I TS0 B0k 94 2.0¢-2 9661
GI-LLT ot 200 Years e 0.0 2.0t40 1.9¢-3 4682 4.8E-7
iVigen 0.0 1,560 13-4 3.0¢-3 3.1
Mtnep 0.0 0.0 1862 L8 1.862
favp, 0.0 1.6E+0 994 LE B B.6L-)
iy 0.0 1.0640 6.16.4 5 3 5.3
gy 0.0 1.50+0 .44 8261 8.26-1
ol I 0.8, 42690 6.2-3 5.3601 6,361

Total o0 1069 782 6.5E01 6.5641

The time the annua) dose peaks for the exposure period considered
fon: 1.9E¢) 1y equivalent to l L

}: Iy radionuciides that contribute more than It of the total dose from each pathway are |isted.
¢
@160 Indfcates that after deposition in the organ of referonce, the decay energy of the daughter |5 included with the parent.
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.5-6. Maximum Annual Doses to the Maximum-Exposed Individual
TABLE £.2 from Unrestricted Release of the Eastern Site with the
Radionuclide Inventory of Table 8.4-2.

Maximum Annual Dose (mrem) via:

fqesuon

(.) "m \“E'C EII Al

. DOrgan of Reference Radionuclide Products  Foods Water Inhalatfon External Pathways

Total Body at 202 Years'®) dse o 0€) 1766000 665 aer 22610 4269 14E1
137Cs + D 8.6E-3 5.5E40 1.3E41 2. 16-6 4.0E+0 2,341
'Otll l.‘!'! 5.5!“6 '.!!‘I LAE= + LA+

Bone at 223 Years 905y + O 3.26-4 3.06-8  VSE40  3.76-9 2.8E-9  3.5640
137¢ + D 6.0€-3 38640 s 3.3E-6 2.4640  2.0€+1
Total [0 1 %} 1.8 T k1Y 2.At+0 2.3 9

Lungs at 203 Years 137¢s + p 1.5€-3 9.56-1  2.2640  2.16-6 8.0640  7.26%0

(a)Only radionuclides that contribute more than 1% of the total dose for each pathway are )isted.

b)The time the annual dose peaks after site closure for the exposure period considered.

c)* D indicates that after deposition in the organ of reference, the decay energy of the daughter is 1ncluded
with the parent,

‘d)Notatfon: 1.7€-5 is equivalent to 1.7 x 10°°.
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APFENDIX D

ENVIRONMENTAL SURVEILLANCE AND RECORDS MAINTENANCE DETAILS

This appendix provides details to support the description of environmental
surveillance and records maintenance activities presented in Section 9 of
Volume 1, Examples of environmental monitoring results from one of the com-
mercial LLW burial sites are given in Section D.1. Generalized environmental
sampling procedures, together with example data sheets, are given in
Section D.2. An example Radioactive Shipment Record form is shown in
Section D.3.

D.1 TYPICAL ENVIRCNMENTAL MONITORING RESULTS FROM
A COMMERCIAL LLW SITE

The environmental monitoring programs postulated for tne reference sites
are discussed in Section 7.2.4 of Volume 1. These postulated programs are
based on the existing programs at commercial LLW sites. Typical environmental
monitoring results from one of the commercial sites. based on information in
Reference 1, are presented here to aid in the more complete understanding of
environmental monitoring activities at existing sites.

Typical analytical results of routine environmental samples are presented
in Table D.1-1. Results are shown for water, soil, and vegetation samples,
and are reported for the same time period insofar as the reference data permits.
The table is not a complete listing of all environmental results for the time
period considered, but the results shown are selected to be typical of all
those reported.

Typical readings of direct radiation exposure, measured with thermo-
luminescent dosimeters (TLD), are presented in Table D.1-2, Results are given
for five sample locations (including a control) and for three time periods.
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TABLE D.1-1. Typical Environmental Monitoring Results for a
Commercial LLW Burial Ground

Aralytical Mults(‘)

' Gamma
Sample Type and Period Obtained Total Alpha Gross Beta Tritium Specific  Concentration
Station Number _{Quarter-vear)  (pCi/2)  (pCi/i) (pCi/e)  Radionuclide _ (pCi/g)
Trench Water - 1 (1-76) no'®’ 1.5+1.2 2058 + 45 wog (<)
-2 (1-76) ND 1.2« 1,1 16832+ 39 NOG -
-3 (1-76) 1.8+ 2.0 1.8+ 1.4 ) 867 + A3 NDG -
- 4 Li1=76) ND 2.5+ 1.3 175 + 42 NDG -
Onsite Ground Water - | (1-76) ND 2.7+ 1.4 1432 : 38 NDG -
- 2 (1-76) ND 2.7+ .4 1 065 + 33 NDG “-
-3 {1-76) ND ND 1 599 « 40 NDG -
0ffsite Ground Water - | (1-76) ND 2.5+ 1.3 1045+ 32 ()
-2 (1-78) 0.9+ 0.8 2.4 + 1,3 1398 + 37 NA .-
-3 (1-76) 1.1 + 1.0 2 + 1.5 893 + W NDG -
Offsite Surface Water - | {1-76) 0.1+ 0.4 3.4 1.3 1130 « K NA -
Soil (onsite) - 1 (1-76) NA NA NA i7Cs 0.9 + 0.1
1300y 0.4 « 0.06
"Co 0.1 + 0.06
. (1-76) NA NA NA 137y ~.4 + 0.08
13Ce 1.5 + 0.04
“tCo 1.3 + 0.04
#4900 10.7 + 0.2
“wn 0.7 + 0.04
.3 (1-76) NA NA NA 137¢¢ 1.0 + 0.08
13%Cq 0.3 + 0.0%
S8Co 0.04: 0.03
““Co 0.8 +0.1
“Mn 0.1 «+ 0.04
Vegetation - | (4-72) NA NA NA WSr 0.19
"2 (4-72) NA NA NA “Mn 6.3
60co 26.9
-3 (4-72) NA NA NA £0Co 20.4

(a)Results include estimate of range () at the 95% confidence level, insofar as reference data permits.
éb ND indicates radioactivity not detectable, below the sensitivity of the instrument used.

C)NDG indicates no detectable gamma emitters.

(d)NA indicates no analysis performed.
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TABLE D.1-2. Typical Direct Radiation Exposure Readings for a
Commercial LLW Burial Ground

Exposure
Sample Station Exposure Period Total Period Average

Number Sample Period Time (days) (mrem) (mrem/day)
1 3/18/76-6/14/76 88 17 0.19
6/14/76-9/9/76 87 69 0.79
§/9/76-12/10/76 92 52 0.57
2 3/18/76-6/14/76 &8 Void --
6/14/76-9/9/76 87 101 1.16
9/9/76-12/10/76 92 135 1.47
3 3/18/76-6/14/76 88 Missing .-
6/14/76-9/9/76 87 39 0.45
9/9/76-12/10/76 92 Missing -
4 3/18/76-6/14/76 88 12 0.14
6/14/76-9/9/76 87 102 .37
9/9/76-12/10/76 92 Void .-
Control 3/2/76-6/9/76 99 19 0.19
6/9/76-9/3/76 87 25 0.29
9/3/76-12/8/176 96 Void -

D.2 ENVIRONMENTAL SAMPLING PROCEDURES

A general discussion of sampling methods and measurement techniques for
envircnmental monitoring is contained in Reference 2. The reference also
provi. »s general guidance on the selection of sampling locations and the
frequency of collection of samples.

Generalized procedures for r.ivironmental sampling, together with examples
of data sheets used to record sampling data, are presented here to provide
additional detail concerning the methods used to obtain environmental data
at an LLW burial site. These procedures are simplified somewhat to make
them more readily understandable; the actual sampling procedures contain all
information necessary to obtain the required samples at the specific LLW site.
Procedures are given for all sample types required by the environmental curveil-
lance programs postulated for the reference LLW sites, as described in
Section 7.2.4 of Volume 1.



D.2.1 wWater Sampling

Water samples are obtained using the following procedure, and are recorded
on an Environmental Sampling Record form similar to the example shown in
Figure D.2-1.

1. Assemble the sample containers (1-¢ plastic sample bottles) and other
required equipment.

2. Check sample bottles for any flaws and discard damaged containers.

3. Rinse sample bottles with distilled water and attach self-adhesive
labels to bottles.

4, Remove well or sump cap, lower sampling bucket into well, withdraw
filled bucket, and empty bucket into the sample bottle. Repeat
until sample bottle is full, and then replace well cap.

5. Enter required data on the sample bottle label and on the Environ-
mental Sampling Record form.

D.2.2 Soil Sampling

Soil camples are obtained using the following procedure:

1. Obtain a clean plastic bag and verify that it is unflawed.
Discard any damaged bags.

2. Collect approximately 500 g of soil and seal it into the bag.

3. Enter required data on the Environmental Sampling Record form and
on a self-adhesive label, and attach the label to the bag.

D.2.3 Vegetation Sampling

Vegetation samples are obtained using the following procedure:

1. Obtain a clean plastic bag and verify that it is "nflawed.
Discard any damaged bags.

2. Collect approximately 500 q of growing vegetation. If vegetatioun
has died, select sample of latest growth. Put sample in bag and

then seal the bag.
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3. Enter required data on the Envircnmental Sampling Record form and on
a self-adhesive label, and attach the label to the bag.

D.2.4 Small Mammal Sampling

Small mammal samples are obtained using the following procedure:

1. Check trap to verify proper operation and then set it up in the area
to be sampled.

2. Obtain sample box and verify its integrity, then attach self-adhesive
label.

3. Check trap daily until sample is obtained.
4. Remove sample from trap and seal into sample box.

5. Enter required data on the sample box label and on the Environmental
Sampling Record form.

D.2.5 Air Sampling

Air samples are obtained using the following procedure, and are recorded
on an Air Sampling Record form similar to the example shown in Figure D.2-2.

1. Obtain a clean plastic bag and verify that it is unflawed.
Discard any damaged bags.

2. Shut air sampler off.

3. Remove filter from sampler, insert it into bag, and then close
and seal the bag. Replace fresh filter in sampler.

4. Remove strip-chart from sampler and retain, replace with fresh
chart paper.

5. Restart air sampler and verify that it is operating properly.

6. Enter required data on the Air Sampling Record form and on a
self-adhesive label, and attach the label to the bag.
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0.2.€ TLD Exposure Sampling

TLD samples are obtained using the following procedures:
1. Obtain adequate supply of fresh (unexposed) TLDs.

2. Remove exposed TLD from holder, label properly, and replace with
fresh TLD.

3. Enter required data on the Environmental Sampling Record form.

4. Package TLDs for shipment to analytical laboratory.

D.3 RADIOACTIVE SHIPMENT RECORD FORM

A1l shipments of radioactive material are accompanied by a Radioactive
Shipment Record (RSR) form. An example of a form that is in current use is
shown in Figure D.3-1. Shipments are made according to all applicable trans-
portation regulations, as described in Appendix G, Section G.4.

The RSR transmits all applicable information concerning the wastes from
the shipper to the burizl ground operator (the receiver of the waste). For
each waste package, the specific information required is contained in the main
body of the form. Information concerning the entire shipment (e.a., shipper,
receiver, number of items, and gross shipment weight) is shown at the top of
the form. The form is basically self-explanatory; however, the following
additional information is provided to clarify certain items.

Isotope(s) - Only the principal isotopes contained in the
waste package are listed.

Form - The physical and chemical form of the waste is described
in enough detail to provide the receiver with a complete picture
of package contents. If the space provided is insufficient,
additional information is supplied on a supplementary sheet
attached to the RSR.

Transport Group - Radioactive materials are classified into one

of seven transport groups according to their potential nazard
if released to the environment, as described in Section G.4.1.



RADIOACTIVE SHIPMENT RECORD

| | - J— . NATE
FROM - SURVEY NO
CARRIER o o PAGE OF ———
NUMBER OF ITEMS GROSS SHIPMENT WEIGHT
SHIPMENT INVENTORY " TOTALS
1 o | -
(1) ITEM NUMBER | '
| —l
T i
(2) ISOTOPE(S) | |

(3) FORM PHYSICAL
CHEMICAL
- . FURSREE SS—

(4) SNM (g} 1

—— ———

(5) SOURCE MATERIAL (Kg)

(6) ACTIVITY (mCi)

(7) TRANSPORT GROUP |

(8) PACKAGE VOLUME (m*)
WEIGHT (Kg)

MINDESS VS-S —

(9) PACKAGE TYPE

(10) CONTAINER | D NUMBER

b— ——

(11) DOSE RATE SURFACE (mrem hr)
AT 3 FT (mrem. hr)

(12) EXTERNAL CONTAMINATION
(OPM m?)

(13) LABEL USED
L ]

*SUPPLY ANY ADDITIONAL INFORMATION ON AN ATTACHED SUPPLEMENTARY SHEET

THIS i3 TO CERTIFY THAT THE ABOVE NAMED MATERIALS ARE PROPERLY CLASSIFIED,
DESCRIBED. PACKAGED, MARKED AND LABELED. AND ARE IN PROPER CONDITION
FOR TRANSPORTATION ACCORDING TO THE APPLICABLE FEDERAL REGULATIONS

SIGNATURE
COMPANY
DATE

SHIPMENT RECEIVED BY DATE
ORIGINAL RECEIVER COPY 1 SHIPPER COPY 2 CARRIER

FIGURE D.3-1. Example Radioactive Shipment Record Form
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Package Type - This refers to Type A, Type 8, or Type LSA packaging,
as described in Section G.4.1.

Container IU Number - This is the identification number of the cask
or overpack used, if applicable.

Label Used - Labeling requirements vary with the type and quantity
of material shipped.

Copies of the RSR are retained by the shipper, the receiver, and the
carrier. The RSR is used by the burial ground operator as part of the waste
burial record.
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APPENDIX E

PAYMENTS NEEDED TO FINANCE DECOMMISSIONING

The purpose of this appendix is to illustrate the payment schedules requirec
to pay for site stabilization and long-term care of the raference burial ground
under each of the three financing approaches discussed in Section 6 of Volume 1.
The three basic financing approaches are:

1) Creation of a decommissioning and long-ter care fund (i.e., a "sinking
fund") during the operating life of the burial ground.

2) Prepayment of anticipated decommissioning and long-term care costs.

3) Payment of decommissioning costs when incurred (i.e., after closure of
the burial ground).

E.1 BASES AND ASSUMPTIONS

In the discussion that follows, the results are sensitive to the varicus
costs of financing. It is, therefore, appropriate to define these various cost
factors. This is done below.

Interest Rate

The + te of return on capital invested in normal securities (i.e., bonds,
certificates of deposit, and similar financial instruments).

Inflation Rate

The rate of increase in cost of goods and services, on an annual basis, as
determined from the nation's economic indicators by the Federal Department of
Labor.

Discount Rate

The rate of return on capital that could have been realized in alternative
investments, if the money were not committed to the plan being evaluated (i.e.,
the opportunity cost of alternative investments). This cost is equivalent to
the weighted average cost of capital.
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Present Value of Money

When different business activities require disbursement of funds over
different time frames, it is difficult for the sponisoring organization to
compare the actual cost of each activity. One generally accepted method of
placing these various disbursements on a common basis is to compute their value
in terms of current dollars (i.e., the present value of money to be paid out
or received at some time other than the present). For an investor, "the present
value of a future payment or series of payments is the present investment neces-

sary to -ecure the promise of that future payment or series of payments, with
interest at a given rate."(]

Decommissioning cost estimates are made in Section 12 of Volume 1. The
costs of site stabilization and Tong-term care (for 200 years) are summarized

in Table E.1-1. Payment schedules to cover these costs are estimated in this
appendix.

TABLE E.1-1. Stabilization and Long-Term Care
Costs (millions of 1978 dollars)

Costs(a)
Period Totals for Total ;osts
Site Long-Term Care of Stabilization

Stabilization Plan Stabilization 0-5 yr 6-25 yr 26-200 yr plus Long-Term Care

Western Site

Minimal 0.475 0.808 2.122 13.580 16.985
Modest 2.576 0.808 2.122 13.580 19.086
Complex 7.675 1.150 2.000 12.512 23.337

Eastern Site

Minimal 0.518 1.175  3.542 22,855 28,090
Modest 3.866 1.175  3.542 22.855 31.438
Complex 5.466 1.815 3.642 23.730 34.653

(a)Number of figures shown is for computational accuracy only.



For all computations in this appendix, the following assumptions are made:

1) decommissioning costs escalate 6% per year in nominal (current) dollars
(i.e., the inflation rate is 6%)
(a)

2) the interest earned on invested funds is 8% per year
3) interest is compounded annually.

To compute specific fund payments required for decommissioning, it is
necessary to assume a hypothetical operating life for the burial ground.
Because decommissioning cost estimates are made in 1978 dollars, it is conven-
ient to assume an operating life that ends on December 31, 1977. A 30-year
operating life is alsc assumed; therefore, the burial ground is assumed to
start operations on January 1, 1948. Payments can be adjusted to reflect any
other operating period if desired. For example, if sinking fund payments were
desired for a 30-year operating life beginning January 1, 1968, the 1948 sinking
fund payment would be multiplied by 3.21, the inflation factor for 20 years at
6% inflation.

E.2 PAYMENT SCHEDULES FOR THE SINKING FUND OPTION

Sinking funds are currently used to accumulate decommissioning funds at
all operating burial grounds. Sinking fund payments are made during the oper-
ating life of the burial ground. Sufficient funds must be collected during the
operating life to pay for all decommissioning expenses after closure. As dis-
cussed in Section 6 of Volume 1, the magnitude of the payment might need to be
adjusted regularly to account for changes in fund earnings, cost escalation,
expected operating life, and changes in the estimated decommissioning expense
caused by technology, regulations, or other factors. For this example, the
simplifying assumptions are made that the fund earns a constant return, and that

(a)The yield on investments over and above inflation is the real return avail-
able to the investor. For the period 1961 to 1976, the average real return
relative to the gross nati?n?I product deflator on 3- to 5-year U.S. Govern-
ment securities was 1.43%.(2) For the prde 1963 to 1976, the average real

return on AAA corporate bonds was 1.95%. The average expected real return

on 9- to 12-month Treasury issues, re1atz§$ to expected inflation rates for
the period 1953 to 1975, was about 2.2%. Two percent thus appears to be
a reasonable assumption for real rate of return.
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the only adjustment required in the sinking fund payment is for cost escalation
(inflation). It is assumed that the sinking fund payment is made December 31

of each year of burial ground operation and that interest is compounded annually.
Costs to administer the fund are not included.

For the various site stabilization options, the sinking fund must contain
sufficient monies at site closure to stabilize the site and to provide for long-
term care for the assumed 200-year period of administrative control. The required
value of the sinking fund at the conclusion of burial ground operations (i.e.,
the terminal value of the sinking fund) is given in Table E.?-1 for each site
stabilization option described in Section 10 of Volume 1. The terminal value
of the sinking fund is calculated from the equation:

. . 2 J
. a'h 25:' La (1+)" 2{: L 0+)" Le (1+1)" (E.1)
=l (1+i)" n=6 (1+i)" =26 (1+i)"

where:

P is the terminal value (or present value) of the sinking fund in 1978
dollars

C is the cost of the site stabilization option chosen

L. is the annual cost of long-term care for the first 5 vears of admin-
istrative control after the site is stabilized

Lb is the annual cost of long-term care for the 6th through the 25th year
of administrative control after the site is stabilized

L_ is the annual cost of long-term care for the 26tk through the 200th year
of administrative control after the site is stabilized

j is the rate of inflation expressed as a decimal fraction
i is the interest rate expressed as a decimal fraction.

The components of the terminal value can be illustrated by considering
modest stabilization of the western site. Of the $7.4 million needed at the
time of site closure, $2.6 million is needed in 1978 to stabilize the site.

An additional $0.77 million is needed to provide long-term care (assumed to be
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TABLE E.2-1. Sinking Fund Terminal Values
Required to Finance Site
Stabilization and Long-Term
Care (in 1978 dollars?

Stabilization Plan Terminal Value ($ millions)

Western Site

Minimal Plan 53
Modest Plan 7.4
Complex Plan 12.6
Eastern Site
Minimal Plan 8.5 .
Modest Plan 11.8
Complex Plan 14.3

paid annually at year end) for the first 5 years after the site is stabilized.
An additional $1.6 million is needed to provide long-term care from year 6
through year 25 when annual costs have decreased to $106,000 in 1978 dollars.
Finally, $2.5 million is needed to provide long-term care from year 26 through
year 200 when annual costs have decreased to $78,000 in 1978 dollars. This
last figure would not be greatly increased if long-term care were assumed to
continue beyond 200 years after site closure.

E.2.1 Sinking Fund Payments

The required sinking fund payments in dollars of constant purchasing power
are shown in Table E.2-2 for each of the postulated stabilization alternatives.
The burial ground is assumed to operate for 30 years, and an inflation rate of
6% per year and an interest rate of 8% per year on invested funds are assumed.
The payments are adjusted so that each year's payment is approximately equiv-
alent in dollars of constant purchasing power (assuming decommissioning costs
escalate at the same rate as other costs). The payments do not total the
required terminal value of the fund because the interest earned by investing
the fund monies is not shown.

To determine the annual pav e ts shown in Table E.2-2, the following pro-
cedure i5 used. The initial pa,~~nt at the end of the first year of burial
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TABLE E.2-2.

Payment Date Minimal

Example Annual Sinking Fund Payments for Site
Stabilization and Long-Term Care

Annual Payment ($ thousands)

1948
1949
1950
1951
1952
1953
1954
19585
1356
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
197
1972
1973
1974
197%
1976
1977

Western Site Eastern Site
Modest TompTex T Minimal est Complex
(December 31) Stabilization Stabilization Stabilization Stabilization Stabilization Stabiiization
25 34 59 39 55 67
26 36 62 41 57 70
28 39 66 44 61 74
30 41 70 47 65 79
31 43 73 49 68 83
33 46 78 52 73 a8
35 48 83 55 77 94
37 51 87 58 82 100
40 54 93 62 87 106
42 58 99 66 92 112
44 61 105 70 98 119
47 65 185 74 103 126
50 69 118 79 110 134
53 73 125 84 117 142
56 77 132 88 124 150
59 82 140 94 131 159
63 87 149 100 139 169
67 92 158 106 146 178
n 98 168 112 155 189
75 104 177 119 165 201
80 110 188 126 175 213
84 116 198 133 185 225
89 123 210 141 196 239
95 130 223 149 208 253
100 138 236 158 220 268
106 146 250 167 233 284
113 155 266 178 248 302
120 165 282 189 263 320
127 175 298 200 278 339
134 185 316 212 295 359
)



ground operation is R]. At the end of the second year - f operation R] (1+3)
is paid into the fund. During the second year (i) R] interest is earned on
the invested fund. Thus, at the end of the second year of operation, the
fund has a total of R] (1+41) + R] (1+j) dollars.

A closed-form expression for the amount of money in the fund can be derived
by considering each year's payment as a separate sinking fund. Thus, the
first-year payment will be worth R (1+4i) at the end of year two and will be
worth R] (l+1)" ], or R (1+i)29 dollars. at the end of the 30 years of opera-
tion of the burial ground The second-year payment, R] (1+j), will earn com-
pound interest for 28 years and will ultimately total R (1+5) (1+i)™ 2
R (1+3) (1+1)28 dollars. The total value of the sinking fund at the end of
year n must equal P, the terminal value of the sinking fund. Thus,

n
=m0 ()™ (E.2)

For this example, n = 30 years of operation of the burial ground.

The initial payment is:

’ P (E.3)
n

[}: (145)%] (1+i>"'a]
a=1

The bth annual payment is Rb = R] (1+j)b'], or

P (1+4)%] (E.4)

[Z] (145)27 (144)™ ]

where P is given by Equation E.1.
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E.2.2 Provision for Premature Site Closure

An important concern regarding the sinking fund financing alternative is
discussed in Section 6.3 of Volume 1. The concern is that sufficient funds
for site stabilization and long-term care may not be collected if the disposal
site closes prematurely. Two basic alternatives are indicated to help alleviate
this concern. The first is an extraordinary initial cash payment prior to start-
up. The second is to design the payment schedule so that payments in early years
are higher in constant dollars than payments in later years. In practice, it
mey be desirable to utilize a combination of both alternatives.

For this example, uniform sinking fund payments (in current dollars) are
assumed over the 30-year operating life. The payments are shown in Table E.2-3
for each of the nostulated stabilization alternatives. Pasments are designed
so that the accumulated funds with interest will equal the sinking fund terminal
values shown in Table E.2-1. Payments are derived from the equation:

p
R =
.
L(]"'i )n°a
a=

where R is the annual payment and n equals 30.

(E.5)

Although the payments are constant in nominal or current dollars, they
decrease in dollars of constant purchasing power. Assuming that the payments
are passed on to the customers, early users of the site would pay a larger
share of the decommissioning costs than would later users. Adoption of uniform
payments would clearly increase the sinking rund faster du' 'ng early years of
operation than the payment schedules shown in Table E.2-2. This approach may
be desirable for the added protection it provides.

E.3 PREPAYMENT OF ANTICIPATED DECOMMISSIONING COSTS

The second decommissioning financing option is prepayment of all antici-
pated decommissioning costs prior to startup (i.e., January 1, 1948). If the

simplifying assumntions of constant interest returns, and no changes in expected
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(1948 to 1977)

Decommissioning
Option

Western Site
Minimal Stabilization
Modest Stabilization
Complex Stabilization

Eastern Sit>
Minimal Stabilization
Modest Stabilization
Complex Stabilization

T/BLE E.2-3. Uniform Annual Sinking Fund Payments

Annual Payment
($ thousands)

47
65
1

75
104
126

decommissioning costs, escalation rates, and operating life are made, the

required prepayment can be readily calculated. The required prepayment is the
terminzl value of the fund multiplied by the 30-year 8% present worth factor

(0.0994). The required prepayments ‘or the various decommissioning modes are

shown in Table E.3-1.

TABLE E.3-1. Required One-Time Payments for
Prepayment of ( :commissioning
Costs
Dacommissioning Payment
Option ($ millions)

Western Sice
Minimal Stabilization 0.53
Modest Stabilization 0.74
Compiex Stabilization 1.25

Eastern Site
Minimal Stabilization 0.84
Modest Stabilization L7
Complex Stabilization 1.42



E.4 PAYMENT OF DECOMMISSIONING COSTS WHEN INCURRED

The third financing option is payment of decommissioning costs only when
they are incurred. Under this approach, the site operator is obligated to pay
all decommissioning costs as they are incurrec.

It is informative to compute and compare the present value cost to the
burial ground operator of site stabilization and long-term care costs, assuming
these costs are paid only when actually incurred.

The present value, P, of a sum of mon2y, S, to be paid n years later is
given by

p oS (4)" (E.6)
(1+K)"

where j and k are the inflation rate and the discount rate, respectively.
(These rates are assumed to be constant over the n-year time period.) If a 6%
inflation rate and an 8% discount rate are assumed, then the present value of
decommissioning costs computed as of January 1, 1978, is the same as the ter-
minal value of these costs, which is shown in Table E.2-1. This is because the
assumed discount rate is identical to the interest rate used for the terminal
value calculation. Fcr companies with significant requirements for capital to
expand their operations or to make improvements in plant or equipment, the
discount rate is usually higher than the interest rate on invested funds. For
discount rates higher than 8%, the present value of decommissioning costs would
be lower than the terminal value of these costs, which is shown in Table E.2-1.

Paymert of decommissioning costs when incurred would likely be the prefer-
.&d procedure for .e site operator. This is not permitted now, however, and
is not likely to be permitted in the future.
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APPENDIX F

SITE/WASTE STABILIZATION DECOMMISSIONING ACTIVITY DETAILS

This appendix provides details to support the description of site/waste
stabilization methods and procedures in Section 10 of Volume 1. The basic
information needed to <elect and evaluate stabilization plans for the generic
burial grounds considered in this study is included here. Detailed descriptions
of radionuclide release mechanisms and of prospective site/waste stabilization
techniques are given in Section F.1. Quality assurance detaiis for stabiliza-
tion activities are discussed in Section F.2.

F.1 RADIONUCLIDE RELEASE MECHANISMS AND PROSPECTIVE SITE/WASTE STABILIZATION
TCCANIQUES

To seiect ~tabilization plans for the generic burial ground sites con-

sidered in this study, radionuclide transport mechanisms capable of initiating
a release of radioactivity from a burial site (i.e., release mechanisms) are
identified and site/waste stabilization techniques that can be used to control
these release mechanisms are evaluated. Release mechanisms and stabilization
techniques are identified in Section 10.1 of Volume 1. Table 10.2-1 of
Section 10.2 presents the results of an evaluation of the general effectiveness
of the various stabilization techniques in controlling the individual release
mechanisms. Table 10.2-2 presents approximate costs and related information
for the stabilization techniques. The following descriptions of the release
mechanisms and stabilization techniques are presented to clarify and expand on
the information presented in Sections 10.1 and 10.2.

F.1.1 Radionuclide Release Mechanisms

Radionuclides can migrate to the biosphere from a burial ground along
a variety of pathways. These pathways consist of one or more radionuclide
transport mechanisms, acting in series. In this study, the transport mecha-
nism that acts to initiate the movement of radionuclides from a burial trench
is referred to as a release mechanism. Release mechanisms considered in this
Study are described on the following pages.
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F.1.1.1 Geomorphological Release Mechanisms

Geomorphological release mechanisms are those in which the release of
radionuclides is a direct result of the shaping or reshaping of the earth's
surface by natural forces. Activities of man may have an influence on the
geomorphological processes involved.

The rate of radionuclide movement as a result of individual geomorpho-
logical processes varies from site to site, depending on climate, topography,
past burial practices, human activity in and around the site, and other vari-
ables. Exposure of buried waste materials as a result of the removal of
overburden soil is the major concern for all geomorphological release mecha-
nisms. The possibility of contaminated soil being transported away from the
site is alsc a concern. This soil may be contaminated because of past burial
practices (e.g., by the rupturing of waste containers during trench filling)
or the prior action of cther release mechanisms (e.g., hydrological displace-
ment, plant uptake, etc.). The geomorphological release mechanisms considered
in this study are water erosion, wind erosion, subsidence, frost action, and
mass wasting.

Erosion (Water). Water erosion is the wearing away of the earth's surface

by flowing water,

The rate of water erosion at a given site is related to climate, topo-
graphy, soil properties, ground cover, and human activities prevalent at or
near the site. Possible methods for control of water erosion include surface
water control, modification of soil properties, adjustment of site topography,
and maintenance of an erosion-resistant surface (either vegetation cover or
erosion-resistant soil and/or rock cover).

Water erosion is mainly of concern at the humid eastern site, where it
can remove significant overburden in a relatively short period of time. (See
Section C.1.1 for details.) The topography, soil permeability, and low annual
precipitation at the arid western site make significant water ercsion there
extremely unlikely.(]) (Water erosion from flash floods at the reference
western site is considered extremely unlikely based on the climate and topc-
graphy of the site. However, it could occur at other western sites.)
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Erosion (Wind). Wind erosion is the wearing awey 0. the earth's surface
by moving air. Removal of overburden soil may occur as a direct result of
wind action, or indirectly as a result of wind damage to vegetative ground

COover.

The site variables relating to the ratz of wind-erosion damage incluae
climate, topography, soil properties, ground cover, and humen activities
at or near the site. Possible methods for control of wind erosion include
local wind reduction (i.e., use of wind breaks), modification of soil properties,
and maintenance of an erosion-resistant surface (either vegetation or gravel
and/or rock cover).

The arid western site has a higher potential for wind-erosion damage
than the humid eastern site, because of the relative sparsity and fragility of
vegetation and the lack of soil cohesiveness at the western site. In dry areas
where the surface has been disrupted, wind erosion may remove large amounts of
overburden in a relativel ' short time (i.e., potholes up to 1 m in depth may
form in only a few years). Wet areas such as the eastern site do not gener-
ally exhibit such marked wind erosion effects.

Subsidence. Subsidence refers to the sinking or collapse of the ground
surface. This may occur generally, over a large area, or may take place in
relatively small areas, resulting in sink-holes. During a rapid subsidence
event (surface collapse), waste materials or contaminated soil may be thrown
into the air, causing local surface contamination and a temporary cloud of
contaminated dust. This allows for further dispersion of contamination by
other mechanisms, particularily wind or water. Subsidence can also alter the
surface features in such a way that erosion and moisture infiltration rates
are increased.

Subsidence in burial grounds is a function of burial practices, soil
type, and waste packaging and compactiun. Bulky, noncompacted wastes tend
to settle in time under the weight of overburden, as does insufficiently
compacted fill. Waste package degradation can also lead to subsidence.(z)
The nature of the overburden materials, as well as methods of trench capping,
can affect the degree of subsidence. Moisture flow through the waste trench
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ma‘rix can redistribute material, resulting in subsurface cavities that sub-
sequently collapse. Subsidence control measures include close placement of
waste packages (to minimize voids), compaction of waste materials and over-
burdey, reduction of moisture infiltration, and incorporation of structural
bridging strength in the trench cover (i.e., use of a rigid structural trench
cover that would bridge over subsiding areas).

The extent of subsidence damage at the two sites considered in this study
is estimated to be similar, assuming similar burial practices. However,
because of the slower rate of package degradation in dry areas, subsidence
caused by degradation of waste materials in the trenches will likely occur
over a longer period of time at the western site. It is estimated that, with
present burial practices, as much as 30% of trench volume is void space.(3)

This suggests the probability of significant subsidence problems at any site.

Frost Action. Frost action, or heaving, is the result of water freezing
in the soil profile. Expansion during freezing heaves up material above the
frozen zone and creates bulges in the surface. Over periods of years, frost
heaving can push material up through the soil profile to the surface. In a
burial ground, this can result in wastes or other contaminated material being
brought to a shallower level in the soil profile, where the radionuclides
are more susceptibie to movement by other transport mechanisms. Another result
of frost action is disruption of the overburden, leading to increased erosion
(both wind and water) and moisture percolation.

Frost action is a function of climate (temperature and precipitation),
site drainage, soil properties (e.g., permeability and moisture retention),
and depth in the soil profile (i.e., the effects are limited to the depth
of frost penetration and are strongest at or near the ground surface). The
extent of frost damage can be reduced by increasing the depth of waste burial,
decreasing the permeability and moisture retention capacity of the soil, and
increasing water drainage from the site.

Frost damage is of greater concern at the humid eastern site than the
arid western site because of the colder and wetter winters at the eastern
site. However, frost damage at either site is anticipated to be relatively
minor.
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Mass Wasting. Mass wasting is defined as "the gravitative movement of
rock debris (or sediment) downslope, without the aid of a flowing mediumn of
transport such as air at ordinary pressure, water, or glacier ice."(a) The
speed of mass wasting varies from sudden slides to very slow downslcpe move-

ment called creep.(5

Mass wasting is primarily controlled by topography, although other
factors such as climate, seismicity, soil properties, and burial practices
(e.g., compaction of filled trenches) can influence the rate of mass wasting
at a given site. Possible techniques for control of mass wasting include
reduction of moisture infiltration into sediments (saturation of sediments
reduces internal friction, thus increasing potential for flow) and adjustment
of site topography.

For the bu;ial ground sites considered in this study, mass wisting is
not anticipated to cause large-scale damage because the overall ground slopes
are relatively mild. However, small areas with steep slopes may experience
loculized aamage.

F.1.1.2 Hydrological Release Mechanisms

An important factor affecting the containment capability of a burial
ground is the degree to which ground and surface water can contact the waste
and subsequently cause migration of the confined radionuclides. Water is
the principal mechanism that has been observed to cause radionuclide migration
away from burial trenches at existing sites (see Section 3.2.1.). A hydro-
logical assessment is currently required as a portion of the licensing
procedure for each site. This assessment provides an estimate, prior to use
of the burial ground, of: 1) the degree to which ground and surface water
will contact the waste following burial, 2) the pathway of the water away
from the burial site, 3) the ion-exchange or adsorptive capability of the
materials along that path, and 4) the extent to which the radionuclide content
of offsite ground and surface waters will be affected by the burial grounds.(G)

The hydrological release mechanisms considered in this study are groundwater
intrusion, moisture percolation, and overflow.

F-5



Ground Water. Radionuclides may be transported by ground water (satu-
rated flow) in several ways. In areas of high water table, ground water may
occasionally or seasonally flow through buried waste,(7) thus providing a
direct transport mechanism for radionuclide movement. More often, ground water
will not come into direct contact with the waste but will receive radionuclides
indirectly through the action of water percolating (unsaturated flow) through
the wastes to the ground water (see Percolation below).

Variables relating to the degree of radionuclide migraticn via groundwater
intrusion include climate, hydrology (e.g., groundwater depth and flow rate),
soil and sediment properties (e.g., percolation rates, sorption and ion-
exchange characteristics), waste characteristics (e.g., physical and chemical
form, and packaging), and topography. Surface soil cover and human activities
at or around the site can also have an effect. Possible methods for control
of radionuclide migration by groundwater intrusion include modification of
groundwater flow (e.g., using curtain walls or trench dams to divert and/or
reduce local groundwater flow) and modification of soil and/or waste properties
to reduce the flow and/or leach rate of intruding ground water. Care in site
selection is, of course, the preferred method for controlling groundwater
intrusion.

In general, groundwater intrusion is _f more concern at eastern sites than
at western sites, because of the shallower level of the water table in the
€ast. Groundwater intrusion is an important release mechanism at the humid

eastern buria! ground eite(g) but is considered to be extremely unlikely at
the arid western site.

Percolation. Percolation of rain water and snow melt into and through
burial ground sediments (unsaturated flow) provides a mechanism for radio-
nuclide transport. Percolation may be in a downward, lateral, or upward
direction, depending on a number of variables. In most areas, however, the
general trend is for flow to be downward to the water table.

The rate of radionuclide migration as a result of percolation is a function
of climate, topography, soil and sediment properties, waste characleristics,
and ground surface cover. Human activities can also have a bearing on
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percolation rates (e.g., disruption or modification of surface cover, modifica-
tion of soil and sediment properties, topography alteration, etc.). Possible
percolation control methods include establishment of a relatively impermeable
ground suriace cover, reduction of soil and sediment permeability, and drainage
of incident precipitation away from the site.

Percolation generally presents more potential for radionuclide movement
at eastern sites than at western sites, because of the larger volume of inci-
dent precipitation at eastern sites.

Overflow. In some areas, impoundment (trapping) of infiitrating water in
burial trenches produces a saturated condition that can result in eventual
overflow of water from the trenches. This impoundment is the result of burial
in relatively impermeable sediments. The more permeable overburden ailows
water infiltration (percolation) into the waste at a rate that exceeds drainage
out of the trench bottom. The result is subsurface moisture migration, due to
the hydrostatic head of the trapped water, and possible surface flow of over-

(9)

flow seepage.

The rate of radionuclide release as a result of overflow is largely a
function of climate (i.e., incident precipitation available for infiltration),
topography (i.e., site drainage characteristics), and geology (i.e., permea-
bility of sediments). Actions taken to control radionuclide release by over-
flow can include surface water control, surface sealing of trenches, and
removal of trapped water from trenches (by pumping from collection sumps).

Overflow presents a greater potential for radionuclide movement at eastern
sites than at western sites, due largely to the higher volume of incident
precipitation and the lower permeability of the soil in the east. However,
because of the variability of geological properties between and within sites,
site-specific data must be carefully analyzed to determine the possible impact
of overflow, and generalization is inadvisable.

F.1.1.3 Biological Release Mechanisms

Biological action can be a significant factor in the transport of radio-
nuclides from a burial ground. The species involved and the relative rates
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of radionuclide movement vary from site to site, but the basic mechanisms
can conveniently be described as either plant uptake or animal action.

Plant Uptake. Buried wastes can be infiltrated by the roots of plants
growing in the burial site. Some plant species, such as corn or certain
grasses, have shallow root systems; other plant species, such as alfalfa or
sunflowers, have tap-root systems that can penetrate the soil to depths in
excess of 1 m. The plant roots absorb radionuclides, which are then trans-
ported throughout the plant.(lo']])

Thus, radionuclides can be brought to the |
surface by plants, becoming available for subsequent transport by a variety of

mechanisms (e.g., wind transport of plant debris, ingestion of plant materials

by animals, etc.). Plant roots are also instrumental in the mechanical break-

down of buried wastes and overburden materials. Wedging of plant roots into

these materials tends to break them up, increasing erosion and water percola-

tion rates. Most reports of biological interaction with wastes have involved

p]ants.(]])

Variables relating to the rate of radionuclide migration by plant uptake
include climate, plant species (shallow-rooted plants generally will not
penetrate into buried wastes), soil and sediment properties, waste characteris-
tics, and burial practices. Possible methods for controlling plant uptake
include vegetation management practices, modification of soils and sediments,
and introduction of barriers between plant roots and buried wastes.

For the burial sites considered in this study, t% ..erall radionuclide
movement caused by plant uptake is anticipated to be unimportant only if the
overburden depth is maintained and the site vegetation is managed (i.e.,
problem species are controiled).

Animal Action. Digging and burrowing animals can penetrate the overburden
into buried wastes.(z) The wastes can then be ingested or otherwise scat-
tered,(]z) increasing the rate of radionuclide transport by other mechanisms.
In addition, disruption of the surface cover and overburden by animal action
increases erosion and moisture percolation rates.

The rate of radionuclide migration resulting from animal action varies
from site to site, depending on the animal species present, soil and sediment
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properties, ground cover, waste characteristics, and burial depth. Some
possible control strategies are elimination of troublesome species, use of
overburder: materials that inhibit burrowing activities, or deeper burial to
place waste below the range of burrowing.

For the burial ground sites considered in this study, the overall radio-
nuclide migration caused by animal action is anticipated to be unimportant in
comparison to migration caused by other release mechanisms. However, small
localized "hot spots" can result from animal action.

“.1.1.4 Human Activity Release Mechanisms

Future human aciivities at burial ground sites may cause inadvertent
radionuclide migration. These activities might be undertaken for a variety of
reasons. For this study, human activities that can disturb buried waste are
clissified into two major groups: excavation (including digging, drilling,
grading, and blasting) and agriculture.

{

Excavation. Excavation into radioactive waste burial grounds can release
<ignificant quantities of radionuclides. Tnadvertent excavation can occur in
cases where a lack of knowledge of the buried wastes exists, or where infor-
mation concerning the location of the wastes is inaccurate.

The extent of radionuclide movement resulting from excavation depends
on the depth and extent of the excavation, waste characteristics, and the
time elapsed since waste placement (i.e., the radionuclide decay of the waste).
Both administrative and physical measures can be used to reduce the potential
for radionuclide movement due to excavation. Possible administrative measures
include controlled use of the site, use of permanent trench-location markers,
or fencing of the site to provide exclusive access. ~hysical measures are
mainly centered on modification of the soil profile to increase the difficulty
of any excavation near the buried wastes (e.g., use of subsurface hard or
rock layers to deter excavation efforts).

Human excavation is judged to be an important release mechanism for any
decommissioned burial ground, including the two sites considered in this
study.
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Agriculture. Agricultural activities in a burial ground can cause radio-
nuclide migration in several ways. Field preparation and tillage can bring
contaminated soil to the surface, providing for subsequent transport by
erosion. The growing of crops in areas with subsurface contamination can
result in radionuclide uptake by plant roots, thus introducing radionuclides
into the food chain and also returning radionuclides to the ground surface
in crop residues. Irrigation of crops and surface tillage at burial sites
increases the percolation of moisture through the soil profile, thus hastening
radionuclide migration. Processing of contaminated agricultural products
leads to dispersion of radionuclides in liquid and gaseous effluents.

Control of radionuclide migration caused by agricultural activities can
be administrative or physical. Administrative controls can ban agricultural
activities at the site, or limit them to those with the lowest potential for
disruption of the buried waste. Possible physical controls include increasing
burial depth to reduce the potential for plant-root intrusion, placing barriers
in the soil profile to exclude plant roots and limit percolation of water, and
modifying *he ground surface to limit or eliminate the agricultural potential
of the site.

The potential for radionuclide movement caused by agricultural activities
is judged to be significant, depending on the degree and type of agriculture
practiced in the burial ground areas. It is considered likely that adminis-
trative ccatrols will be applied to decommissioned burial grounds to reduce
this potential to an acceptable level.

F.1.1.5 Other Considerations

It is possible to postulate other considerations that could be of concern
at specific sites, depending on projected land use. For example, if iand use
plans include regular human presence in the area, or human presence for
extended veriods of time, cumulative radiation doses from buried waste might
become significant. In this case, measures to reduce radiation exposure to
these individuals would undoubtedly be instituted. In the case of unrestricted
land use, additional measures may be required to reduce the effects of
inadvertent damage caused by onsite human activities. Detailed evaluation
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of these other considerations is beyond the scope of this study, however,
and they are not considered further.

F.1.2 Prospective Site/Waste Stabilization Techniques

Various stabilization techniques can be used to reduce the potential for
radionuclide migration from LLW burial grounds. Each stabilization technique
is useful in providing control over certain release mechanisms, as shown in
Table 10.1-1 of Volume 1. Combinations of several stabilization techniques
can be used to provide various degrees of control cver all potentially signi-
ficant release mechanisms for a given site. Several stabilization techniques
in combination can also be used to provide protection against an individual
release mechanism that has a high potential for initiating radionuclide migra-
tion from a site.

Interactions between stabilization techniques used in combinations can
change the effectiveness of an individual technique, either in a positive
or a negative way. These interactions must be taken into account when combi -
nations of techniques are used.

Each of the stabilization techniques considered in this study is summa-
rized in Section 10.1 of Volume 1 and is discussed here, in detail, to further
clarify what each technique involves (in terms of methods, materials and
costs[a]). how each one works, and how each one might be applied to a given
site. The "ndividual stabilization techniques are identified by code letters
that also appear in Tables 10.1-1, 10.2-1, and 10.2-2. These code letters are
used in Section 10 to identify combinations of techniques that go together
to form stabilization plans.

A. Subsurface Rock Layer. A subsurface rock layer is a thick blanket of
rock or cobblestone that is placed in the soil profile over the buried wastes.
It is topped with a material to prevent soil from sifting down into the void
spaces between the rocks. The area is then backfilled with topsoil to cover
the rock layer and to provide a base for surface stabilization.

[a]Costs include material, equipment and labor, and are adjusted for 1978
dollars. Unless otherwise noted, costs are based on stabiiization
of an average burial trench, as described in Section 7 of Volume 1.
Stabilization of larger areas will result in reduction of per-unit costs.
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The layer is composed of 40-mm or larger diameter rock or cobbles placed
to a thickness of 0.3 to 1.0 m. Plastic or other composite sheeting, layers
of progressively smaller gravel or rock chips, or a polymeric or asphaltic
sealer can be used to prevent topsoil from sifting down between the rocks.

At sites where the waste is covered by a minimum soil depth, the rock layer
can be laid directly on the surface with a minimum of preparation (leveling
and removal of vegetation and debris), and then covered with backfill hauled
to the site. At sites with thicker soil cover over the wastes, some of the
soil cover can be removed before placement of the barrier. This removed soil
is then available for use as backfill over the emplaced layer.

(
The rock layer provides a barrier to digging and burrowing animals,‘]])

as well as a deterrent to human excavation, by creating a layer in the soil
profile that is much more difficult to penetrate than the surrounding earth,
The layer is effective in preventing damage from agricultural tillage and is
not damaged by ordinary agricultural activities when buried below the maximum
tillage depth. The barrier protects against penetration by plant roots,
because of the hostile environment presented to the roots by the rocks in the
layer and the void spaces between them. The rock layer also provides a lower
limit to erosive action by presenting a relatively erosion-resistant surface
if uncovered, and thus can be used as a secondary erosion control. Increasing
the thickness of the layer generally increases its effectiveness against all
of these release agents.

The initial cost per trench is estimated to be $13,000 to $37,000,
depeniding on the thicknesses of the rock layer and the backfill, and based on
adjusted costs of $9.95/m3 for graded stone fill hauled 8 km and $3.57/m3
for backfill hauled an average of 3.2 km.(]3) No maintenance of the layer is
assumed. It is anticipated that the layer will remain at least 75% effective
for a period of 80 to 200 years and will not need to be replaced during the
long-term care period following stabilization.

B. Subsurface Hard Layer. A laye; of hard material can be placed in the
(14

soil profile over the buried wastes, similar to the subsurface rock layer.
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The area is then backfilled with topsoil to cover the layer and to provide a
base for surface stabilization. (The hard layer may also be placed on top of
a rock layer to form a combination barrier.)

The layer is composed of any of a variety of materials, including con-

crete,(15) (16)

asphalt, asphalt-soil, soil cement, bentonite or other ciays,
and other mineral or chemical materials. The thickness of the layer is
dependent on the material or materials used, but is generally in the range of
20 to 200 mm. Soil can be removed from the surface of the burial ground
before the layer is emplaced or the layer can be laid directly on the prepared
surface. Care must be taken to compact the area to provide adequate support

for the hard layer, to prevent subsequent deterioration by settling and cracking.

The hard layer provides a physical barrier to digging and burrowing
animals, human excavation, and ,lant-root penetration by presenting a rela-
tively impenetrable layer in the soil profile. In addition, it can provide
protection against subsidence, depending on the materials and methods used,
because of the structural strength of the emplaced barrier. A hard layer
also provides protection against hydrological release mechanisms, depending
on its placement with respect to the various water movements in and around
the wastes. Finally, the subsurface hard layer provides a lower Timit to
erosive action, similar to the rock layer.

The initial cost per trench for a hard layer is estimated to be $8,600 to
$35,000. This is based on the estimated cost for similar layers on the sur-
face, with backfill added as described in item A above. The range of costs
represents a range of materials from soil cement or asphalt-soil to O0.1-m-
thick concrete, and the reference costs(]7) are adjusted for trench size.

As with the subsurface rock layer, no maintenance is assumed, and the layer

will not need to be replaced during long-term care because of the anticipated
useful life of 80 to 200 years. A subsurface hard layer is more difficult to
construct than a subsurface rock layer, because of the tighter specifications

and standards required.

C. Subsurface Membrane. A thin membrane can be placed in the soil
profile over the buried wastes. The membrane can be placed on earth fill




similar to the subsurface layers discussed previously or, if desired, it can
be placed directly on top of and around waste containers. It is then covered
with topsoil to protect it and to provide a base for surface stabilization.

The layer can be composed of plastic,(]s)

rubber or other composite
sheeting, or ¢ n be a thinly applied coating or injected layer of asphaltic,
polymeric, or other chemical material.(]a) Layers composed of sheeting are
emplaced in the same manner as the subsurface layers discussed previously.
Coatings are applied by spraying them directly onto the soil, where they set
up to form the membrane. For an injected membrane, the material is pumped
into the soil profile at the level desired, where it sets up to form the

layer.

Depending on the materials used, the membrane presents a barrier to
animal burrowing and pleat-root penetration and provides a lower limit to
erosive action, similar to the layers discussed previously. If the membrane
is of adequate strength, it reduces the incidence of "pothole" subsidence by
supporting the earth cover over small void areas and also by restricting the
flow of moisture that, in some cases, tends to increase subsidence. The
restriction of moisture flow provides protection against the hydrological
release agents by reducing moisture infiltration into the wastes.

Using costs estimated for a variety of synthetic polymer membranes,(]g)

and adjusting for trench s‘ze and for a minimum soil cover of 0.5 m, the
initial cost of a subsurface membrane is estimated at $4,800 to $14,000 per
trench. No maintenance of the membrane is assumed, and its useful life is
estimated to be 10 to 40 years, depending on the material used. Therefore,
it is anticipated that membrane replacement will be required during the long-
term care period.

D. Surface Rock Cover. A rock layer can be placed on the surface of a
burial site as a ground cover. The layer is composed of rocks or large
gravel. It is placed directly on the surface to a depth of 0.15 to 0.4 m
after a minimum of ground surface preparation (leveling and removal of vegeta-
tion and debris). The surface of the rock is leveled to obtain a layer of
uniform specified depth.

(20)
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The rock layer provides protection against erosive action by presenting

(21)

a relatively erosion-resistant surface. Animal burrowing is restricted by

(22) and inadvertent human exca-

the difficulty of digging through the layer,
vation is also deterred. Agriculture is essentially eliminated by the rock

cover.

The initial cost per trench is estimated to be $3,000 to $8,100, depend-
ing on the thickness of the cover. This is based on an adjusted cost of
$7.40/m* for gravel hauled 8 km tu the site.(]3) Maintenance costs are
estimated to be $90 to $410 per trench per year, or 3 to 5% of the initial
cost, which is equivalent to a useful life of 20 to 35 years with no main-
tenance. It is anticipated that, with proper maintenance, the useful life of
the cover will be greater than 200 years and the cover will not be replaced
during the long-termr care period.

E. Surface Hard Cover. A layer composed of a hard material can be

placed on the surface of a burial ground, similar to the surface rock cover,
to form a surface hard cover.(ZI) It can be constructec of asphalt, concrete,
paving blocks, or other suitable material. The thickness of the cover is
anticipated to be in the range 20 to 200 mm, depending on the material used,
the degree of structural strength desired, and other variables. The hard
surface cover is placed directly on the surface of the burial ground after
site preparation (clearing and leveling of the «rea and compaction to provide
adequate support for the layer). Provision is made for drainage of rain
water and snow melt from the surface. Conventional techniques for placement

of materials are used.

The hard surface cover provides protection against erosive action by
presenting a relatively erosion-resistant surface. If the construction is
of sufficient structural strength, voids created by subsidence are bridged by
the cover, reducing the impact of subsidence. The surface is unsuited to
plant growth, thus eliminating plant-root penetration and agricultural con-
cerns. The hard surface is also a deterrent to animal burrowing and to human
excavation. Infiltration of percolating water into the wastes is restricted
by the cover; this also reduces the potential for overflow seepage of trench
water. Grouncdwater infiltration into the wastes is only reduced where the
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increased drainage due to the surface cover is sufficient to lower the local
water table; thus, control of groundwater intrusion is not attributed to this
stabilization technique.

To maintain the effectiveness of a surface hard layer, a certain amount
of upkeep is necessary. Cracks and other damage to the layer must be repaired.
Without this upkeep, the effectiveness of the layer is severely reduced,
particularly in preventing water percolation.

Using cost estimates for a range of materials from soil cement or asphalt-
soil te 0.1-m-thick concrete(]7)
cost per trench is estimated to be $3,700 to $25,000. Maintenance costs are
estimated to be $180 to $2,000 per trench per year (5 to 8% of initial cost).
equivalent to a useful life o 12 to 20 years with no maintenance. It is
anticipated that the useful life of the cover will be 40 to 100 years with

and adjusting for trench size, the init‘al

proper maintenance, after which the cover is assumed to be replaced.

F. Capping Soil Properties Modification. The incorporation of various
soil amendments into the capping soil in an LLW burial ground can modify the

properties of the capping soil. The type and amount of soil amendment used
varies with the existing soil properties, the properties of the amendment,
and the results desired.

Various soil amendments can be used to modify capping soil properties,
including clays, sand, gravel, chemicals, and organic materials. Soil tests
are made to determine the type and amount of the amendment needed to obtain
the desired capping soil properties. The area is prepared by leveling,
removing veqgetation and debris, and tilling as necessary. Soil amendments
are spread over the area in the specified amounts and incorporated into the
soil by tilling. After the amendments are sufficiently mixed into the soil
the surface is graded, compacted, and contoured as desired. A surface cover
(vegetative or other) is then applied.

Modification of capping soil properties can be used to increase the
erosion resistance of the surface, increase water runoff from the site, and
reduce percolation and moisture retention in the soil. Ercsion potential can
be decreased in several ways, including increasing cohesion between surface

F-16



soil particles and incre.sing soil-particle size. Since soil moisture plays an
important role in both frost heaving and mass wasting, the rate and extent

of damage caused by both is decreased by reducing moisture retention in the
soil. Reduction of water percolation and resulting overflow in the burial
ground is accomplishea ., reducing soil permeability and increasing drainage,
thus making less moisture available for these mechanisms. Modification of

soil properties is, in some cases, also effective in limiting or controlling
plant growth, reducing the extent of plant-root intrusion into buried wastes.

The initial cost for modifying capping soil properties is estimated to
be $3,400 to $13,000 per trench. This is based on the addition of a 0.1-m-
thick equivalent layer of soil conditioning material at 1 to 5 times the cost
of washed sand delivered 8 km at $9.10/m3.(‘3) Material costs will vary
depending on the transport distances involved. Tilling costs are estimated
to be equivalent to fine grading of a site, with three passes with a motor
grader, at $.35/m’.(23) Maintenance costs are anticipated to be low but are
not estimated, as maintenance is anticipated to be performed only when site
surveillance indicates that it is necessary. The useful life of this treat-
ment, with necessary maintenance, is expected to be greater than 200 years
and, thus, replacemen. is not required during long-term care. The application
of this technique is ant,zipated to be very straightforward and, consequently,
quite easy.

G. Backfill and Compa *ion. Backrill can be added to the surface of a
burial ground and then comp ted. The backfill used is generally selected to
provide a suitable base for subsequent surface stabilization. The fi’
is spread on the area to the desired depth and is then compacted either by
packing the area using heavy rolling equipment (e.g., a sheepsfoot roller,[a]
wobbly-wheel roller,[b] or road roller), or by vibrating the earth with vibra-
ting baseplate compactor to effectively shake the soil particles and waste
materials into a more compact configuration. Both compaction methods can be
used in combination. In addition, other measures can be taken to aid in com-
paction, the most ccmmon being the use of water sprays to wet the <oil to be

Ea A cylindrical steel drum to which knob-headed spikes are fastened.
bJA roller with freely suspended ;neum>tic tires.
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rompacted. Little or no surface preparation is needed prior to compaction
and backfilling of an area, although removal of vegetation and debris is

dgesirable. Care must be taken during backfilling and compaction to avoid
disruption of waste materials that can result from the operation of heavy
equipment in unstable areas (i.e., areas where the weight of the equipment
may initiate further subsidence), but this technique is generally easy to use.
Referer “e 24 provides a detailed treatment of fill compaction.

Backfilling and compaction can be used as a control measure against sub-
sidence. Compaction reduces the extent of subsidence caused by future set-
tling, and backfill returns the surface to its original level and contour.
Compaction probably also has some effects on plant growth and moisture perco-
lation, but these are likely to be temporary and are not considered here.

The initial cost for backfill and compaction is calculated to be $7,200
to $12,000 per trench, based on the following assumptions: 1) common borrow
is hauled 3 to 8 km to the site, 2) an average 0.5-m thickness of fill is
added, and 3) the fill is compacted with a sheepsfoot or wobbly-wheel
roller. The cost of obtaining and hauling the backfill is $3.57 to $5.27/m’
and the cost of compaction, allowing for one to two times the normal compaction
effort, is $1.67 to $3.33/m?. Maintenance costs during long-term care are not
estimated because maintenance will be performed only when necessary, as site
surveillance indicates. Assuming that necessary maintenance is performed, the
useful life of this treatment is expected to be greater than 200 years.

H. Site Topography Adjustment. Site topography adjustment is the grading,

scraping, or other movement of surface soils to alter site contours.

Burial ground topography is adjusted using standard earthmoving and
surface contouring techniques. The only difference between contouring activi-
ties in a burial ground and standard contouring procedures is that extra care
must be exercised in burial ground sites to avoid disturbance of bu-ied wastes,
which can result in the inad.ertent release of radionuclide contamination.
After completion of a coatouring operation, the surface is stabilized as
desired, using one nf the surface stabilization techniques described in this

section.
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Adjustment of site topography can be very effective in reducing radio-
nuclide migration. Topography is a factor in both wind and water erosion, and
adjustment therefove provides a method of reducing erosion damage. Topo rashy
adjustment is a means of controlling runoff from rainfall and snow melt, €5
and therefore is useful in adjusting the hydrological parameters of a site.
Reduction of percolation also reduces frost heaving by reducing moisture
retention in the soil. Mass wasting is a function of soil moisture and surface

slope, and therefore can be controlled by topography adjustment.

Assuming that an average of 0.5 m’ of soil is moved per sguare meter
of surface area, the initial cost per trench is estimated at $1,800 to $3,800,
depending on the equipment used. This is based on an adjusted cost of
$1.33 to $2.77/m’ for site grading.(23) Annual maintenance costs during long-
term care are anticipated to be 3 to 57 of the original cost, or $50 to $190
per trench. With proper maintenance, the useful life of this treitment is
anticipated to be greater than 200 years.

I. Increased Capping Thickness. This technique simply involves adding
soil to the surface of a burial ground to increase the depth of the buried
wastes in the soil profile.

To increase capping thickness, additional backfill is apjlied to the
surface of a burial ground with little or no surface preparation. (The sur-
face may be cleared of vegetation and debris, depending on circumstances at
the site.) The backfill is hauled in, dumped, and graded to form a layer of
uniform specified depth. Standard earthmoving techniques are used. Compac-
tion of the added fill may be acccmplished using the techniques described
above for Backfill and Compaction. The new surface can be graded to preserve
the original site contours, or new contours can be established. After the
operation is completed, the surface is revegetated or otherwise stabilized.

Increasing the capping thickness over buried wastes can be used to reduce
radionuclide migration due to biological (plant and animal) action, subsidence,
frost heaving, and human activities. The extent of significant surface effects
resulting from subsidence is reduced by increasing the depth of fill. Subsur-
face voids may still collapse, but the increased volume of overburden provides



more material to fill the voids. This reduces the incidence of surface rup-
tures, or breaches, that expose contamination or increase percolation and
erosion rates. Frost heaving in the waste is reduced as the depth of over-
burden increases, because the insulating effect of the backfill prevents
freezing below a certain depth. (This depth varies with minimum surface tem-
perature but is generally less than 1 m in the 48 contiguous United States.)
Penetration of the wastes by biological action (animal burrowing or plant-
root penetration) is reduced as the depth to the wastes increases. The
chance for inadvertent human disturbance of the wastes also decreases as the
depth increases.

The initial cost per trench for increasing capping thickress is estimated

to be $4.900 to $7,200, based on common borrow hauled 3 to 8 km to the site
(13)
The

treatment is assumed to be maintained as needed during long-term care, as

and spread to an average thickness of 0.5 m, with no compaction.

indicated by site surveillance, and so maintenance costs are not estimated.
A useful life of over 200 years is anticipated for this treatment.

J. Improved Capping Drainage. Capping drainage improvemert refers to

the construction of an engineered drainage system in the capping soil of the
burial ground. This system routes runoff from incident precipitation away
from the burial trenches.

After a civil survey of the site and an analysis of the drainage require-
ments, a drainage system is designed and installed. Runoff from rain water
and snow melt is channeled away from the burial ground by a system of pipes
and/or trenches. Surface waters are drained, if desired, in the same manner.
Pipes and trenches can be sealed, where necessary, to prevent leakage that
can percolate into the soil. Installation of the drainage system is accom-
plished using standard construction techniques.

Improvement of capping drainage reduces moisture percolation and any sub-
sequent buildup of soil moisture in the burial ground.(26’27) The hydrological
parameters of a site are altered by drainage: percolation of surface runoff
is reduced, the potential for overflow seepage is decreased, and the local
level of the water table can be reduced in areas where percolation significantly
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influences the groundwater flow. Reduction of soil moisture also reduces
frost heaving and mass wasting, as previously discussed.

Costs for capping drainage vary with the type and extent of the system
used, and range from $10/m for berms or small drainage ditches to $100/m
for narrow gravel-filled diversion trenches.(ze) Assuming that one ditch is
constructed along the side of each burial trench and another is located at
one end of the trench, the initial -ost for such a system is estimated to be
$1,700 to $17,000 for an average-size trench. Required annual maintenance is
anticipated to average about 5% of the initial cost, or $90 to $850 per trench
per year. The useful life of the system is anticipated to be over 200 years,
assuming regular maintenance.

K. Peripheral Drainage and Diversion. Peripheral drainage and diversion

is the interception and diversion of surface and/or ground waters either at
the site boundaries or outside of the site. Ditches for drainage of surface
waters can be lined to prevent leakage if desired, but ditches used to inter-
cept ground water are not lined to allow the water to seep into the ditch.

As with improving capping drainage, a civil survey and subsequent analysis
are made to determine requirements. The resulting design is then constructed
using standard earthmoving techniques. The ditch banks are stabilized using
one of the surface stabilization techniques discussed in this section.

This technique alters per ~heral water flows 'to reduce their effects in
the burial ground.(zs) Surface runoff is intercepted at the site boundaries,
reducing moisture percolation and resulting overflow. Ground water can also
be intercepted, reducing groundwater intrusion into the buried wastes.

The initial cost of a peripheral drainage system is estimated to be one
to five times that for the narrow gravel-filled diversion trenches as mentioned
in J above. Thus, the system is estimated to cost $100 to $500/m, depending
on the depth and width of the ditches required and upon the methods used to
stabilize the ditch banks. The cost is not calculate! on a per trench basi’..
as this is dependent on the layout of the burial ground in question. The
annual maintenance cost is estimated to be 5% of the initial cost, or $5 to
$25/m of ditch length. Witn regular maintenance, the useful life is

F=21



R e ST .

anticipated to be more than 200 years. This treatment is slightly more diffi-
cult than improving capping drainage, primarily because of the larger volume
of earth to be moved and the increased need to stabilize ditch banks tc pre-
vent serious erosion problems. ¥

L. Sump Pumping with Treatment. Sump pumping with treatment is a method
of collecting contaminated trench water and  ioving the radionuclides from
it.(29’30) Trench waters are collected in sumps located below the burial
trenches. The water is periodically pumped from the sumps into holding tanks
and is then treated (i.e., by evaporation, ion-exchange, filtration, etc.) to
remove dissolved or entrained radionuclides. After treatment, the water is
released. The collected radionuclides are solidified, packaged, and buried.

(31)

Sumps for trench water collection, along with associated French drains
and standpipes, are described in Section 7.2.2 of Volume 1. If removal of
trench water is desired, submersible pumps are lowered into the standpipes
and connected to a piping system. Trench water is then pumped through the
piping system to the holding tanks. From the holding tanks, the water is
routed to the treatment plant for radionuclide recovery. The resultant wastes
are solidified and are either buried onsite or shipped to another facility
for disposal.

Pumping and treatment of trench water reduces the potential for radio-
nuclide migration via water pathways. Intruding ground water is removed from
the burial ground, as is percolation trapped by impermeable sediments. Reten-
tion time for trench water is reduced, thus reducing radionuclide leaching.
Trench water is not allowed to accumulate to the amount necessary for overflow.

Based on assessment ot perpetual care and maintenance of the Maxey
Flats site.(32) the initial cost per trench for this technique is estimated to
be $550 to 57,700.(6) (This cost estimate assumes that sumps already exist in
the burial trenches and includes only the costs of water removal and treatment. )
Annual maintenance costs and operating expenses are estimated at $110 to
5230(5) per trench per year. These costs assume onsite burial of the resultant

(a)A factor of 1.1 is used to adjust the reported co.ts to 1978 levels.
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solidified wastes; transportation of wastes to another site for burial would
result in increased operating expenses. The useful life of the system 1is
anticipated to be 30 years; thus the system requires replacement during the
long-term care period.

M. Curtain Wall. A curtain wall is a vertical wall, or trench dam,(33)

constructed in the soil profile. The wall is constructed using any of a
variety of materials and is impervious to moisture flow.

Several methods are available for the construction of curtain walls.
One method consists of the injection of grouting material into the earth to
form an impervious wa]].(34) Possible grouting materials include cement,
clays, isphalts, bitumens, silicates, lignochromes, lignosulfates, epoxy
resins, acrylamide, polyester resins, polyphenolics, resorcinol formaldehyde,
and other chemical po]ymers.(35) Another possible method is slurry-wall
construction, in whi.» the wall material is slurried and introduced into a
trench where it settl- . out to form the wall. Clays are commonly used for
this type of wall. A third method involves the use of rigid prefabricated
wall sections (sheet pilings,, which are driven into position by a pile-driver.
The sectiuis are constructed with mating edges to ensure a seal between

adjacent sections of the completed wall.

A curtain wall at the edge of a burial ground can be used to prevent
horizontal infiltration of water into the site, either by percolation or by

(35)

groundwater flow. [t di ‘erts water that would ordinarily infiltrate the

burial ground and thus reduces radionuclide release from the burial ground.

The initial cost for a grouted curtain wall is reported to be about
$400/m? installed.(35) or up to $11C,000 per trench for a complete curtain
around all four sides of an average trench. However, if applied to encompass
a complete burial ground, the cost per trench would be significantly less,
because each trench would not be completely surrcunded by the curtain. No
maintenance of the curtain wall is assumed, and the useful life is estimated
to be 25 to 100 years, a“ter which time it is assumed to be replaced.

N. Waste Permeability Reduction. Waste permeability reduction refers

to the injection of suitable materials into the buried wastes to reduce the
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permeability of the waste-soil matrix. (This technique could be used simi-
larly to reduce the permeability of the trench cap.)

Waste permeability is reduced by injecting grout materials into the waste
and surrounding soil. Candidate materials are similar to those for the grouted
curtain wall, discussed previously. These materials are injected by pumping
through distribution pipes driven through the overburden into the buried
wastes. Injection technique details are described in Reference 34.

By reducing the permeability of the wastes, moisture infiltration is
minimized, resulting in a decrease in tie leaching of radionuclides from the
waste. During the injection process, the pressurized materials also tend to
fi11 voids and compress or compact soft areas in the wastes, increasing the
strength of the waste-soil matrix and limiting future subsidence damage.(34’36)

Assuming 30% void space in the trench(3) and an installed cost of $70 to
S350/m3,(36) the initial cost for the technique is estimated to be $300,000
to $1.5 million per trench. A useful life of 25 to 100 years is anticipated,
assuming no regular maintenance. Therefore, replacement is anticipated to
be required during the long-term care period.

0. Waste Leachability Reduction. Waste leachability reduction involves
the injection of suitable materials into the buried wastes to chemically and/or
physically bond the radionuclides into a relatively stable mass, thus reducing
leaching. This technigue is quite similar to waste permeability reduction,
discussed previously, and both leachability and permeability can be reduced in
one operation, depending on the materials used.

Various chemical substances are commercially available to bond wastes
into a stable chemical-physical matrix. These materials could be injected
into the wastes, as described previously for waste permeability reduction,
to reduce waste leacnability.

By reducing waste leachability, radionuclide releases caused by hydro-
logicai action are reduced by limiting or eliminating dissolution of the
radionuclides.
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The costs and useful life for this technique are estimated to be the same
as those for waste permeability reduction, described previously.

Ideally, the leachability of wastes should be reduced prior to burial.
However, in some cases, the need for remedial action may justify the high
cost of in-situ leachability reduction.

P. Retention Media Irnjection. This technique involves the injection of
suitable material into the soil surrounding the buried wastes to filter out,
adsorb, bond to, or otherwise retain radionuclides migrating through the

soil.

Candidate materials for this technique include any of a variety of sub-
stances that will retain or hold-up migrating radionuclides, including ion-
exchange materials, adsorption madia, clays, etc. Methods of injection are
similar to those used for grouting, except that the material is injected into
the ¢ “i1 surrounding the wastes, rather than into the wastes themselves. The
long-term effectiveness of this technique is questionable because of the
channeling, bypassing, and material breakdown that are likely to occur with

time.

Retention media injection reduces radionuclide movement caused by hydro-
logical action by recapturing migrating radionuclides and retaining them in
the soil surrounding the wastes.

To calculate costs for this technique, it is assumed that the burial
trench is ¢ rrounded on all four sides and below with a layer of soil 2 m
thick, with 20% void space filled with the injected retention media. Assuming
an installed cost $140 to $710/m’, or about twice that for waste permeability
reduction, the initial cost is estimated to be $220,000 to $1.1 million per
trench. Assuming a useful life of 10 to 40 years, based on no regular main-
tenance, the technique is anticipated to require replacement during long-term
care.

Q. Revegetation. Revegetation is the reestablishment of a vegetative
ground cover on a site whose surface has been disturbed. A variety of vege-
tation types and species can be used, depending on soil and climate conditions
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and also on the results desired. Shallow-rooted plants are preferred for LLW
burial ground revegetation to limit plant-root penetration into the wastes.

Before revegetation begins, soil tests are made at the site to determine
the plant species to be used and the nutrient balance in the soil. Then,
after the surface to be revegetated is graded or leveled as desired and cleared
of debris, the area is planted with selected vegetation species. Use of
fertilizers and soil amendments to improve soil texture and nutrient balance
is common, as is the use of muicnes and/or chemical stabilizers to protect the
area until the vegetation becomes established. Mulches and, in some cases,
chemical stabilizers(37)
sites.

also conserve moisture for plant growth at dry western

Several methods can be used to seed an area. A drill-type seeder of the
kind used to plant grain crops can be employed if the surface is relatively
smooth and slopes are gentle encugh to allow safe equipment operation. Hydro-
seeding can be used with a variety of surface conditions. For this method,
the seed and other materials to be applied are mixed in a water-based slurry
and sprayed on the surface. All the materials used can be applied in one
pass or, as is more common, several passes can be made.

Revegetation can be used to control wind and water erosion of the ground

(38-40) It also affects the site moisture balance by reducing runoff

(41)

surface.
and increasing moisture return to the atmosphere through evapotranspiration.
Revegetation may, in some cases, reduce mass wasting by anchoring the soil.
One possiéle disadvantage of revegetation is that plant roots can disrupt over-
burden or stabilization materials, as described in Section F.1.1.3.

The erosion protection afforded a site by a vegetation cover increases as
the plant community becomes more established. This results in a gradual
improvement of the site over several years, until the plant community reaches
maturity.

For hydroseeding of large areas (larger than 40 hectares), costs (updated
to 1978) are reported to be $740 to $1,670/hectare. %) This is equivalent
to $200 to $460 per trench, if a reasonable number of trenches are revegetated
at the same time. Piecemeal revegetation of individual trenches would
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probably be two to three times as expensive. Maintenance costs tur a revege-
tated area are considered to be part of Vegetation Management (see b low).

If properly maintained, the useful life of this treatment is anticipate. to
be greater than 200 years.

R. Vegeta'ion Management. Vegetation management is the maintenance of
a revegetated surface to ensure the continued viability of the vegetative com-
munity and to provide remedial measures for incidental problems.

Vegetation management includes a number of Clements that can be used
separately or in various combinations, depending on the particular needs at
the site. A vegetation management program can also be altered with time to
correspond with changing needs.

A vegetation management program can include, but is not limited to, the
following elements: herbicides, acting at the surface and/or subsurface to
control undesirable plant growth and to limit plant-root penetration; use of
competing plant species to control growth of undesirable species; periodic
clearing of undesirable vegetation from the site; use of bacterial and/or
insect controls to limit the growth of undesirable species; and replanting of
areas damaged by erosion, pests, or human activities. Application of surface
controls is by established methods. Herbicides acting below the surface can
be applied at the same time as subsurface stabilizetion techniques are
performed or, in some cases, can be applied at the surface.

A vegetation management program can be used to reduce radionuclide
releases caused by plant-root penetration into buried wastes. It is also
useful in reducing erosion and mass wasting by ensuring the continued effect-
iveness of site vegetation.

No initial cost is assumed for vegetation management. These annual acti-
vities are anticipated to cost approximately 107 of the initial cost of
revegetating an area, or $20 to $50 per trench per year.

S. Wind Breaks. Wind breaks (shelterbelts) are barriers that reduce
wind speed in the area of concern. They can take the form of vegetation
(e.g., trees, shrubs, or strip plantings) or can be physical barriers (e.q.,
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fences, walls, or soil ridges;. They are an established soil-conservation
teol and can be used in combiration with other stabilization techniques.(43)

Wind breaks are planted or instilled us.ng standard techniques. They are
generally placed at right angles to the prevailing winds.

_ Wind breaks reduce site erosion by reducing the wind speed, thus reducing
the scouring action of the wind.(44) However, vegetative barriers can result
in the penetration of plant or tree roots into the buried waste.

In establishing a shelterbelt, three parallel rows of trees are recom-
mended, with a different species in each row. Assuming a spacing of 2.5 to
4.0 m in the rows and an installed cost of $.36 per seedling, the initial
cost uf a shelterbelt is estimeted to be $300 to $440/km. If irrigation is
required, as at the arid western site, the installed cost of the shelterbelt
(including the irrigation system) would be one to two orders of magn i tude
greater. The annual maintenance cost, without irrigation, is estimated to be
5% of the initial cost, or $15 to $22/km. The useful life of the shelterbelt
is estimated to be 50 to 100 years, after which is anticipated to require
replacement or revitalization. Prysical barriers are generally more expensive
than shelterbelts; maintenance usts and useful life depend on the type of
construction.

F.2 QUALITY ASSURANCE

Planning for quality assurance (QA) is required from the earliest stages
of the decommissioning effort %u assure that the QA requlations imposed on the
project are met. As eack detailed procedure is developed during the planning
and preparation phasr of site/waste stabilization, the QA portions are included.
Current regulations and guides applicable to the QA requirements and procedures
for decommissioning are given in Section 5 of Volume 1.

In this study, a QA engineer is assumed to handle all QA matters. He is
organizationally independent of the project staff, up to the highest possible
level of the decommissioning organization.
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F.2.1 Methods Review

Whenever a new procedure is written, a documented peer review of the
procedure is held. The review ensures that the planning includes suitable
controls for application to physics, radiation, safety, accident, security,
QA/QC, and environmental analyses. The controls may include other checks,
tests, and formal dcsign reviews as necessary. Other aspects of the planning
that are reviewed are reliability criteria, the choice of test methods, and
the choice of methods or materials. The conservatism in margins of safety
for procedures, equipment, or structures also receives documented review.

F.2.2 Procurement Document Control

The project's suppliers, inzluding fixed-price contractors, are selected
from a QA list of Qualified Suppliers. QA inspections of the vendor's plant
are performed as needed to place new firms on the qualified list.

Procurement Document Control is a QA procedure to verify that any QA
requirements for specified hardware, materials, or services are clearly and
accurately identified in procurement documents or purchase orders. This
includes references to applicable drawings, specifications, standards, codes,
regulations, required records, test data, certifications, and qualifications
of personnel or procedures. Special handling, shipping, or packaging require-
ments are also communicated to vencors. This control is applied to any
supplier of the specific devices and equipment vital to the project, such as
environmental monitoring equipment, safety and shielding devices, radiation
detection equipment, chemicals, and other materials.

F.2.3 Work Iastructions, Procedures, and Drawings

Formal documentation of work instructions, procedures, and drawings and
of ihe sequence of action for preparation, review, approval, and control of
information is required. The people responsible for the sequence are clearly
identified. These procedures verify the proper completion of activities
or steps in the decommissioning process to ensure that vital services remain
intact and that the proper sequence of events is maintained. The latest
revisions of drawings, plans, and work instructions are required to be at the
work place. Also included are work instructions for vendors to review
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hardware for quantitative (dimensions, tolerarces, or limits) and for quali-
tative (finish, workmanship) acceptability critevia. Changes in planning
receive the same levels of review and approval as original planning.

F.2.4 Document Control

Document control verifies that all essential documentation receives the
proper review, approval, release, change and distribution control. A pro-
cedure is used to purge the system of ohsolete or erroneous information.

F.2.5 Identification and Control of Procured Items

A program of supplier surveillance or source inspection for vendors of
crit.cal items is established. (Also see Section F.2.7.) Records, such as
certification of conformance, are required from vendors to show they meet the
QA requirements. Inspection of purchased materials or items is performed upon
receipt of the items. Items must be sufficiently identified to alloe proper
selection for use, compleliion of processing, or segregation of nonconforming
items. The life and required storage and use conditions of chemicals must be
clearly stated.

F.2.6 Special Procedures

Decommissioning may involve several tasks requiring new or unusual work
procedures. Special provisions are made to identify and control any unusual
procedures, using reviews, written procedures, and audits.

F.2.7 Inspection and [esting

A1l items produced for the project must be properly inspected or veri-
fied. Inspections in the vendor's plant may be necessary for some items.
Adequate inspection instructions are prepared, and inspection records are
preparea end retained.

Verification procedures ensure inspection of each essential operation,
as well.

F.2.8 Calibration

A1l measurements require the use of properly calibrated equipment. There-
fore, a system of calibration control is used to ensure the validity of
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instrument readings. The accuracy requirements and tolerances for the project
measurements are identified. Examples of equipment with calibration require-
ments include radiation monitoring devices, portable radiation detection
equipment, and environmental monitoring systems.

F.2.9 Shipping and Receiving

Special instructions are prepared for the handling, packaging, shipping,
receiving, storing, and marking of components and materials for the project.
Any radioactive shipments require written QA procedures for each package type,
specifyi